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ABSTRACT 
 
Understanding how the aggregate structure changes during mixing and 
compacting are critical for the performance of open graded asphalt designs. Open graded 
friction course (OGFC) consists of approximately 94% aggregate and if breakdown 
occurs, the desired properties of the finished product will vary. The purpose of this study 
was to investigate the influence of the Los Angeles (LA) abrasion value of the aggregate 
on the performance of open graded friction course mixtures.  
Aggregate from nine different sources in South Carolina, with LA abrasion values 
ranging from low-20s to mid-50s, were used to create a 12.5mm nominal maximum 
aggregate size (NMAS) open graded design. Specimens, both with and without the 
inclusion of binder, were mixed then compacted using a Superpave gyratory compactor 
and re-analyzed for gradation change. Durability performance was measured using the 
Cantabro abrasion test while functional performance was measured by porosity.  
Substantial degradation was exhibited after both mixing and compacting for 
aggregates having higher LA values. All aggregate sources sustained breakdown, 
especially in the #4, #8 and #30 sized fractions. The inclusion of binder increased the 
aggregate breakdown rate more so than the aggregate mixtures tested without binder. 
Higher LA aggregate exhibited a decrease in specimen height and porosity while 
improving the Cantabro abrasion resistance.  
The aggregate source used in open-graded mixtures will affect the functional and 
durability performance of the finished pavement. Under current specifications, there are 
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many opportunities for variability between paving projects using aggregate from different 
sources. Degradation from mixing and compacting can be predicted if the aggregate 
behavior is known, therefore, appropriate corrections should be made to OGFC 
gradations to account for this breakdown of aggregate and enhance the pavement quality.  
 
Key Words:  
Abrasion resistance, Aggregate, Aggregate Breakdown, Cantabro, Durability, Gradation, 
Hot mixed asphalt, LA abrasion, OGFC, Open-graded friction course, Porous asphalt, 
Porous friction course, Porosity 
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CHAPTER ONE  
 
INTRODUCTION 
 
 
Open Graded Friction Course (OGFC), or Permeable Friction Course (PFC), is a 
porous hot mix asphalt (HMA) design that has been used in the United States since early 
1950. Generally, it is a thin surface layer of asphalt that is designed to overlay an 
impermeable section of pavement on roadways and parking lots (Putman 2012). Its 
structure has a high percentage of interconnected air voids to allow infiltration of 
stormwater, and then direct the water laterally off the pavement to prevent accumulation 
on the surface. 
OGFC maintains its porous structure by containing an open-graded aggregate 
gradation with low amounts of fine aggregate compared to traditional dense graded 
asphalt designs. A gap-graded structure allows the asphalt to maintain porosity 
throughout mixing and compacting while keeping the pavement air voids connected.  The 
interconnected voids within the asphalt are designed for multiple benefits including 
(Kandhal 2002): 
• Allow stormwater to infiltrate through the pavement surface 
• Reduce splash/spray during wet conditions 
• Minimize water buildup commonly associated with vehicle hydroplaning 
• Increase visibility at night by reducing glare in wet conditions 
• Improve stormwater runoff quality by filtration 
• Reduce noise from tire/pavement interaction 
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• Improve safety by increasing tire to pavement friction 
The permeable nature of the asphalt allows water and air to easily pass through 
the aggregate voids while maintaining the structural integrity of the pavement. OGFC 
designs eliminate standing water on the roadway surface, especially in common buildup 
areas such as vehicle wheel paths where rutting occurs. Traditional asphalt designs do not 
allow stormwater to infiltrate into the surface, which creates a hazardous fluid film on the 
roadway causing vehicles to hydroplane. This film of surface water also encourages 
splashing and spraying in heavy traffic conditions and reduced visibility, which creates a 
dangerous environment in wet conditions.  
Benefits from OGFC designs can also be observed in dry conditions. The coarse 
structure of OGFC surfaces will increase the friction between the pavement and the 
vehicle tire, which improves skid resistance in all environmental conditions. A coarser 
pavement surface will also reduce the noise in high-speed areas due to the tire treads 
slapping against the pavement. Traditional pavement designs have a smooth, enclosed, 
surface and do not allow the air to pass through. This creates a high-speed pressure build 
up between the tire and pavement surface leading to excessive noise. When driving over 
50 miles per hour, noise resulting from the tire/pavement interaction accounts for 75-90 
percent of the overall highway noise (Baker and Pierce 2005). OGFC pavements allow 
air penetration at the surface and will absorb the sound waves from the tire interaction. 
There are a wide variety of benefits for this type of pavement construction and is 
commonly seen in areas of heavy rainfall, high traffic/high-speed locations, parking lots 
with a limited permeable landscape, and around noise sensitive residential areas.  
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While OGFC designs are beneficial in many ways, the service life of the 
pavements has been a cause for concern compared to traditional pavements. Due to the 
open graded texture, OGFC is prone to aggregate breakdown during both construction 
and use while susceptible to raveling on the surface. This leads to a reduction of 
pavement porosity, change of gradation from the original design, and can require 
extensive repair shortly after placement. This is why maintaining the designed aggregate 
structure is critical for the success of OGFC pavements. Degradation of aggregate during 
the mixing, compacting, and use can decrease the void content of the pavement and 
reduce its functional performance (i.e., permeability).  
Placement of OGFC pavement is also critical and should be well planned. The 
mixing and compaction temperature will alter the viscosity of the binder. Overheating 
will critically reduce the binder viscosity and lead to common issues such as binder 
draindown or over compaction. A mix that is lower than the design temperature may not 
compact as well. This can cause rutting, surface raveling, and decrease the life span of the 
pavement. Extensive movement and compaction of the asphalt mix are other placement 
factors that will lead to decreased air voids and segregation, reducing the overall 
effectiveness of the design. Correct placement methods for open graded mixes are critical 
to avoiding costly repairs and maximizing the pavement structural performance. 
Many states around the US have discontinued the use of OGFC due to inadequate 
performance and climate considerations (Kandhal et al. 1999). However, areas with 
warmer climates or heavy rainfall such as South Carolina, California, Arizona, and 
Florida use OGFC mixes extensively and have had better success with respect to service 
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life. States such as Georgia require OGFC asphalt pavement to be used on all interstate 
highways where the climate is warm and heavy rainfall occurs (Kandhal 2002). While 
there are many factors that affect the lifespan of this pavement type (climate, traffic 
loads, compaction, aggregate gradation, placement methods, etc.), the overall success has 
varied.  
 
Objective 
OGFC mixtures consist of approximately 94% aggregate and rely on its structural 
integrity for performance and to maintain its functionality. The objective of this study 
was to investigate how the aggregate Los Angeles (LA) abrasion loss influences the 
performance of OGFC mixtures. With this knowledge, methods should be determined to 
improve the long-term performance of open graded asphalt designs in South Carolina. 
Improvements will help maintain the overall durability and functional performance of the 
roadway, increase the service life, and reduce both life-cycle and maintenance costs.  
 
Scope of Work 
To accomplish the objectives of this research, the scope of work included three 
primary tasks. 
1. Examine the effects of aggregate LA abrasion on the performance of OGFC 
mixtures. Durability was assessed using the Cantabro abrasion resistance test 
while porosity was used as a measure of the functional performance of OGFC 
pavements. 
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2. Determine gradation changes (i.e., aggregate breakdown) for varying 
aggregate sources after mixing and compacting for a 12.5mm nominal 
maximum aggregate size (NMAS) OGFC gradation. 
3. Compare the aggregate breakdown for virgin aggregate after mixing and 
compacting to breakdown of OGFC mix including aggregate, binder, and 
fiber. 
 
Organization of Thesis 
A thorough literature review can be found in Chapter Two, outlining key 
background information on OGFC structural components, benefits, issues, performance 
requirements, and SCDOT standards. Testing procedures used in this project and the 
relationship to OGFC performance were also analyzed to understand expected trends. 
The last parts of Chapter Two analyze degradation of aggregate and previous studies 
conducted. With this knowledge, data comparisons can be made and questions that have 
yet to be answered. 
A detailed discussion of the experimental materials and methods used in this 
project can be found in Chapter Three. The raw data including the individual OGFC 
component weights used can be found in the Appendices.  
Chapter Four outlines the experimental results and discussion from this study. The 
experimental aggregate properties for each source were calculated and discussed along 
with the reported properties in the first section. The first discussion of mix data was an 
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analysis on how varying aggregate properties affect critical OGFC durability and 
functional performances.  
In order to support these relationships, the gradation change during mixing and 
compacting was analyzed. Comparisons were made of the aggregate breakdown without 
the inclusion of binder for multiple mixing and compacting durations. Next, the changes 
in gradation were then analyzed for samples when binder was introduced to the mix. The 
results from each were then compared and analyzed for trends on how the addition of 
binder affected the breakdown of aggregate from varying sources.  
Chapter Five summarizes the major findings of Chapter Four and the impact it has 
on open-graded mixes that can be compared to in field conditions. With this knowledge, 
recommendations were developed to potentially improve OGFC designs as presented in 
Chapter Six. In addition, the recommendations also include questions for future research 
based on the results of this study.  
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CHAPTER TWO 
 
LITERATURE REVIEW 
 
 
Overview of Open Graded Mixtures 
 
OGFC Structure 
Open graded friction course mixtures are designed to maintain a porous structure 
throughout the life of the asphalt pavement while minimizing aggregate breakdown. 
These interconnected air voids allow the passage of stormwater and reduce water buildup 
on the surface of the road. It must be constructed with coarse, durable aggregates that are 
capable of withstanding loads in order to prevent aggregate breakdown (i.e., degradation) 
and maintain its porosity throughout its service life.  
OGFC pavements have an 8-12 year service life in warm climate areas where 
there is low to mild freezing and around 5-year service lives in freezing climates. With 
the proper design, maintenance, and climate, OGFC pavements can have the same 
lifespan of traditional asphalt pavements up to 15 years (Cooley et al. 2009).  
When designing open graded asphalt mixtures, it is important to find a balance 
between functional and structural performance. A coarser gradation will result in higher 
void content, increased permeability, and improvement in functional performance. 
However, it will also result in excess air voids and susceptibility for binder draindown, 
resulting in a reduced structural performance. This will encourage issues such as surface 
raveling, abrasion loss, and fatigue cracking. If the mix contains an increased amount of 
fine aggregate, it will reduce the air voids and functional performance. However, this 
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reduction in functional performance will improve the structural integrity by filling the 
voids with aggregate and improving the stone-on-stone contact.  
Open graded aggregate distributions are critical for the correct porosity in OGFC 
pavements. The Unified Soil Classification System (USCS) outlines cumulative 
distribution curves and standards for classification. An important aspect of classification 
is the uniformity coefficient, Cu. This value is found from a ratio based on each 
gradation’s cumulative distribution curve of the particle diameter with 60% aggregate 
finer over the diameter with 10% aggregate finer (D60/D10) as outlined in ASTM D2487. 
A lower Cu represents a more uniform gradation, a higher porosity, and high 
permeability. Typically a lower Cu results in lower strength. A high Cu represents a more 
well-graded structure, a lower porosity, and more stable gradation with higher strength.  
The correct balance of binder in the mix design is another factor that alters the 
pavement performance. High binder contents can reduce the functionality by filling the 
interconnected air voids. While this may improve structural aspects such as crack 
resistance and reduction in raveling, high binder contents may also lead to large 
deformations over time causing rutting, as the pavement becomes more flexible.  
Additives and high-performance binders can be used in mixtures to increase the 
overall structural integrity of a pavement. Mixtures susceptible to raveling may be 
counteracted with modified, performance grade binders and increasing the binder content 
will reduce raveling and improve abrasion resistance (Kandhal et al. 1999). Adding fibers 
to the mix will reduce draindown resulting from the low viscosity at high temperatures by 
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holding binder in place until it cools. Additives will increase the initial pavement cost, 
but can lower the long-term costs by reducing maintenance and increasing service life. 
 
Benefits 
An increase in safety performance is one of the most beneficial results of OGFC 
pavements versus traditional asphalt designs. The Bureau of Transportation Statistics 
reported 5.81 million vehicle crashes in 2008 killing over 37,000 people. About 42% of 
these fatal accidents occurred on state or US highways in high-speed zones with the 
majority of these being considered rainy/cloudy conditions (Guarino and Champaneri 
2010). Due to the porosity and interconnected air voids of OGFC mixes, water easily 
passes through the aggregates allowing quick surface drainage. OGFC pavements 
increase visibility and skid resistance in wet conditions while decreasing spraying and 
hydroplaning. 
In addition to the study by Guarina and Champaneri, the Louisiana DOT 
performed a traffic safety analysis on three separate highway sections that were newly 
paved with OGFC surface layers (King et al. 2013). They found that on an I-20 OGFC 
section the wet weather accidents were reduced by 76% over the first 5 years after 
placement and vehicular fatalities were eliminated on the road during this time. The 
second section on US 71 eliminated all wet weather accidents and fatalities over the same 
5-year span. The last OGFC test section, US 171, reduced the overall wet weather traffic 
accidents by 57%. The Louisiana DOT reported that 13.5% of fatal accidents and 18.8% 
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of all accidents occur under wet weather conditions and can be greatly reduced with 
OGFC application. 
Open graded pavement designs with high surface porosity will also aid in 
reducing noise pollution from traffic. When vehicles travel at high speeds, tire treads 
create high air pressure between the pavement and tire. This results in what is called the 
slap/suck phenomenon, which creates excessive noise from traveling vehicles when the 
pressure is not allowed to escape. OGFC pavements allow this pressure to disperse 
between its pores and absorb most of the noise, eliminating the need for expensive noise 
barriers on interstates (Baker and Pierce 2005). 
It has also been found that open graded designs can improve the quality of 
stormwater runoff. This is done through filtration of the water between the pores of the 
asphalt pavement and removal of debris. Urban areas will have an increased benefit from 
this due to the high pollution levels in cities and populated areas (Barrett et al. 2006). 
 
Issues 
Due to the open graded and high porosity structure of OGFC pavements, 
durability has been a common issue causing many state DOT’s to discontinue its use. 
Early raveling and stripping of the surface are most commonly observed along with 
clogging of the pores (Kandhal et al. 1999). Raveling, stripping, and pore clogging cause 
expensive repairs and maintenance early in the pavement life along with an unpleasant 
ride for users. Also, the reduced permeable properties of the mix cause a large reduction 
in functional performance.  
		 11	
Accelerated aging is another issue observed in OGFC pavements. The high 
porosity of these mixtures allows increased penetration of oxygen and other elements, 
aging the asphalt at faster rates than traditional pavements (Putman et al. 2014). This 
causes a reduction in the asphalt binder oils creating a brittle material that breaks down 
faster. Common failures resulting from this are fatigue cracking and raveling. 
Areas with intense winter climates experience shorter service life of OGFC layers. 
The pavement’s ability to withstand winter conditions is an issue due to the freeze/thaw 
action within the pores, causing the asphalt to break down and crack. Snowplows and 
vehicles using tire chains cause distress on the OGFC pavement surface and destroy the 
aggregate bond. The pores will also clog when sand, salt, or other anti-icing agents are 
placed on the road, which requires regular roadway maintenance (Kandhal 2002). Coastal 
areas have the same issues with sand transported by wind and vehicles into the asphalt 
pores. These areas generally avoid OGFC designs due to higher maintenance costs and 
structural issues over time. 
 
Aggregate LA Abrasion 
An important performance property of aggregate is its toughness measured by the 
Los Angeles (LA) Abrasion test (ASTM C131). Aggregate of a known size is placed in a 
drum containing steel spheres and rotated for 500 revolutions. The fractions retained on 
the #12 (1.70mm) sieve are measured and the percent loss is then calculated. A higher 
percent loss means the aggregate is less resistant to abrasive forces, which can lead to 
durability issues in an asphalt pavement.  
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From previous studies, it has been hypothesized that aggregate with high LA 
values led to a decrease of void content due to breakdown during mixing, compacting, 
and traffic loading (Putman et al. 2014). Also, the abrasion resistance of the OGFC 
mixture as measured by the Cantabro abrasion test, generally increased with higher 
aggregate LA values. This was likely due to aggregate breakdown during mixing and 
compacting, which led to a porosity reduction. When the mixture air voids are reduced, 
the structural durability of the pavement improves, but there is a loss in functional 
performance (i.e., permeability). Aggregate with lower durability, or higher LA values, 
may not be able to efficiently perform under these load conditions and maintain a porous 
structure. 
Many state requirements for aggregate LA Abrasion values differ based on the 
region that the local aggregate is mined from. The South Carolina Department of 
Transportation (SCDOT) requires all OGFC mixtures to obtain crushed coarse aggregate 
with an LA value no greater than 52% (SCDOT 2007). This LA requirement is higher 
than most states due to South Carolina aggregate containing a high percentage of mica. 
Mining locations around the state have a high variation in LA values due to this, ranging 
from lower 20 (Midlands) near the state’s fall line to low/mid 50 (Upstate), which can be 
seen in Figure 2.1 (SCDNR 2014).  
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Figure 2.1: South Carolina Fall Line (SCDNR 2014) 
 
Mix Design Specifications 
The SCDOT has strict requirements for OGFC mix designs to maintain durability 
and minimize early performance issues. All OGFC mixtures in South Carolina must 
contain PG76-22 binder and a 1%-hydrated lime additive by weight of the aggregate is 
required to improve the bond between the aggregate and binder, which prevents stripping 
(SCDOT 2007).  
In addition to modified binder, a fiber additive is used in the mix to minimize 
binder draindown. This is a common occurrence in OGFC mixtures due to the high 
porosity from uniform gradations.  
To obtain the correct compaction in the field, the temperature of the mixture is a 
critical factor. The SCDOT Highway Construction Specifications require OGFC 
temperatures to be from 325 to 350 °F when discharged from the production plant. These 
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temperatures vary based on travel time from the plant to job site. The maximum 
permitted travel time for OGFC is one hour after mixing from the source. The 
recommended placement temperature is 320 °F to ensure the pavement maintains proper 
temperatures by the time it is compacted. Compaction temperatures in the field will range 
from 300 to 320 °F after balance is maintained in the paving system (SCDOT 2007).  
Before placement of OGFC layers, a tack coat is required to promote proper 
bonding to the underlying layer. To prevent over compaction, the SCDOT recommends 
an 8-10 ton tandem steel wheel roller is used at no more than three passes. The pavement 
should be compacted to ensure bonding to the underlying layer, but over compaction, 
which will lead to critically reduced void content and aggregate breakdown, should be 
avoided. It is not recommended to use a pneumatic rubber tire roller at any point of 
compaction, as this leads to surface sealing of pores (SCDOT 2007). Since OGFC mixes 
contain small amounts of fine aggregate, breakdown during compaction is a cause for 
concern. Per the SCDOT Highway Construction Specifications (SCDOT 2007), 
aggregate breakdown should be monitored throughout construction. If it is observed, 
proper adjustments should be made to eliminate its occurrence.  
 
Overview of Aggregate Degradation 
OGFC mix designs have specific gradation ranges that contractors must meet to 
avoid penalty. Aggregate accounts for approximately 94% of OGFC mixtures so 
understanding degradation that occurs as the result of mixing and compacting is critical. 
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Aggregate sizes may change significantly by the time it is placed on the roadway, thus 
changing the desired pavement properties.  
Aggregate must be resistant to abrasion and compression loads for adequate 
structural performance. “Often pavement distress, such as stripping and rutting, can be 
traced directly to aggregates used. Clearly, proper aggregate selection is necessary for 
attaining desired performance” (Wu et al. 1998). Production, transportation, placement, 
and compaction are all areas where aggregate has the potential to break down and change 
from the original design. This is especially important to consider for OGFC mixtures 
during compaction because of the low stone-on-stone contact area, which normally would 
distribute the loading with the addition of finer material. Instead, minimizing fine 
materials leads to a support reduction within the asphalt structure. The same loading 
distributed over a smaller area increases the particle stress and leads to fracture. 
Degradation during construction can be associated with changes in aggregate 
structure from lab design to what is observed in the field (Wu et al. 1998). When the 
pavement reaches its maximum compaction, any further compaction damages the 
material. This over compaction could potentially degrade the aggregate, which closes the 
designed voids reducing the functional performance and water infiltration rate. From a 
business standpoint, quality control/quality assurance testing will reveal issues with the 
mixture design and lead to penalties or rehabilitation costs.  
Moisture-related issues would also occur due to aggregate degradation during 
compaction. When aggregate particles fracture, a surface that is not covered with binder 
is exposed. Stripping of the aggregate from binder could occur if moisture is able to 
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penetrate this protective layer (Wu et al. 1998). Durability of the pavement is reduced 
when stripping of aggregate is initiated.  
 
Accounting for Aggregate Degradation 
Surprisingly, there is a lack of attention toward aggregate degradation for asphalt 
pavements in the US. Per Wu et al. (1998), 94% of US states have an LA abrasion 
requirement in their mix design and only two states have an aggregate degradation 
requirement in addition to LA abrasion. Since degradation can alter OGFC pavement 
performance (Kandhal et al. 1999, Watson et al. 2003), a single minimum LA abrasion 
requirement for all aggregate sources may not be sufficient. 
Commonly, the requirement for LA abrasion among US states is no more than 40-
45% loss. In South Carolina, the maximum permitted loss is 52% due to aggregate 
availability and geology. This allows a significant potential for breakdown between 
production and the finished product opening to the public. Asphalt producers must work 
with local aggregate to reduce shipping costs and improve efficiency. However, more 
attention needs to be directed to internal structural breakdown of pavement mixtures.  
The SCDOT 2007 Standard Specifications for Highway Construction provide 
recommendations on compaction equipment, weight, and passes to avoid aggregate 
breakdown. After this, it is noted if any breakdown occurs, the appropriate measures 
should be taken to eliminate breakdown (SCDOT 2007). However, there are no 
descriptions of specific methods to do this. Most OGFC contractors understand 
approaches to eliminate breakdown if it occurs, but without standards there is no 
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guarantee of effective changes and will vary from project and contractor. This should be 
addressed to maintain consistency among all OGFC projects.  
 
Previous Research 
The National Center for Asphalt Technology (NCAT) in Auburn, Alabama 
conducted a study to determine the effect of OGFC gradation on different performance 
variables (Kandhal et al. 1999). The FHWA recommended gradation was used for 
comparison while the experimental gradations increased in coarseness by altering the #4 
sieve percent passing from 15-40%. The durability testing was measured using the 
Cantabro abrasion resistance test while functional performance was measured using the 
Florida DOT falling head permeability test. 
It was found that the abrasion loss decreased when the gradation contained more 
fine aggregate. The abrasion values ranged from 8.1% loss with 40% passing the #4 sieve 
(FHWA recommended) to 14.7% loss with 15% passing the #4 sieve (coarser gradation). 
As expected, the permeability increased with the coarser gradation. The permeability 
results ranged from 117 m/day for 15% passing the #4 sieve (coarser gradation) to 21 
m/day for 40% passing the #4 sieve (FHWA recommended). The results did not follow a 
linear trend as the permeability increased exponentially as the gradation became coarser.  
NCAT also noted that the rutting potential increased for coarser gradations after 
testing. In summary, as the gradation became more coarse, the functional performance 
improved but structural performance was sacrificed. Finer, and more well-graded, 
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gradations improved the abrasion resistance and were less susceptible to rutting while 
sacrificing porosity and infiltration potential.  
Another study analyzed the effect of aggregate breakdown when the number of 
gyrations in the Superpave Gyratory Compactor were altered (Watson et al. 2003). This 
analysis originated from studying the height change with each compactor gyration. 
Sample heights continued to decrease with each additional gyration after they believed 
aggregate particle interlock was achieved. The binder was extracted using the ignition 
oven method outlined by AASHTO TP 53-97 and a sieve analysis was performed. This 
test was performed while altering the aggregate types between granite, crushed gravel, 
and trap rock.  
The gyrations applied alternated between 30, 45, and 60. The results of this study 
showed the aggregate breakdown ranging from 0% for the #200 sieve to 10% on the #4 
sieve. It was also noted that breakdown of aggregate for 30 gyrations was very similar to 
60 gyrations, which suggests that the initial breakdown rapidly increased at the beginning 
but began to balance out after. The breakdown increased when the compaction effort 
increased for crushed gravel and trap rock but varied for granite. Breakdown of mixtures 
containing granite was not dependent on the number of gyrations, which is the primary 
aggregate mined in South Carolina. 
These studies emphasize the importance of maintaining the designed aggregate 
structure. A minor change in the gradation and aggregate structure can lead to a large 
change in the functional and durability performance of open graded designs.  
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Other Information 
The breakdown due to binder extraction via the ignition oven method was also 
researched before use. Extraction using solvent used to be the early method of choice. 
Increasing environmental concerns, strict regulations on waste disposal, and operator 
safety from harsh fumes and flash points encouraged a different approach (Prowell and 
Hurley 2005). The National Center for Asphalt Technology (NCAT) developed the 
ignition oven test, which uses temperatures of approximately 1200°F (649°C) to burn the 
binder and other additives off. The aggregate is left behind for gradation testing and the 
percent loss and binder content can be calculated.  
NCAT studied the breakdown of six different aggregate sources including three 
high loss aggregate categories: dolomites, basalt, and chlorite (Prowell and Hurley 2005). 
The conclusion of this study determined that substantial breakdown was not observed and 
the ignition oven test was accurate for determining binder content and aggregate 
gradation. 
Another study conducted by researchers in Arkansas, observed similar results 
(Hall and Williams 1998). The range of aggregates tested in this study included 
limestone, crushed gravel, and sand from four asphalt plants. The results showed that the 
ignition oven extraction method had minimal effect on gradation change. Some of the 
aggregate particles were noticeably ruptured but did not alter the gradation results. It was 
concluded that, for these aggregate types, the ignition oven test was adequate.  
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CHAPTER THREE 
 
EXPERIMENTAL MATERIALS AND METHODS 
 
 
Materials 
Aggregate 
Crushed coarse stone from nine different quarries around South Carolina were 
used for the purpose of this study. Due to the high mica content within most local 
aggregate sources, the Los Angeles (LA) abrasion values varied from the low-20s to the 
mid-50s. This wide range enabled an analysis of LA values that were above, within, and 
well below the maximum LA abrasion value of 52% loss for OGFC mixtures SCDOT 
specification.  
 
Quarries 
Nine quarries were selected for the purpose of this research with varying 
aggregate properties based on geography. Details of the aggregate locations can be seen 
in Table 3.1 and on the map of South Carolina in Figure 3.1: 
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Table 3.1: Aggregate Source Locations 
Quarry State Location 
A SC Pacolet 
B SC Blair 
C SC Sandy Flats 
D SC Lynches River 
E SC Jefferson 
F SC Edgefield 
G SC Columbia 
H SC Rock Hill 
I GA Augusta 
 
 The lower half of South Carolina consists of mostly sand mining and the 
aggregate mined from the lower state does not pass SCDOT specification for OGFC 
mixtures. This is why the aggregate sampling cut off line for this research study is North 
of Columbia and Augusta along the South Carolina fall line.  
Figure 3.1: Location of Aggregate Sources Used for this Study 
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Materials provided by each quarry were dried then sieved into their individual 
size fractions. All specimens were then created using the 12.5mm NMAS gradation in 
Table 3.2, meeting the SCDOT specification for OGFC mixtures (SCDOT 2007). The 
selected gradation was determined from existing OGFC job mix formulas in South 
Carolina. A 3800-gram aggregate specimen size was used for all mix designs. 
 
Table 3.2: 12.5mm NMAS Gradation Used for this Study 
Sieve SCDOT OGFC Specs 
12.5mm Research 
Gradation 
3/4" (19mm) 100 100 
1/2" (12.5mm) 85-100 94.0 
3/8" (9.5mm) 55-75 69.0 
#4 (4.75mm) 15-30 19.0 
#8 (2.36mm) 5-15 7.0 
#30 (600µm) --- 3.5 
#100 (150µm) --- 2.0 
#200 (75µm) 0-4 1.0 
 
Binder 
A styrene-butadiene-styrene (SBS) polymer modified binder of grade PG76-22 
was used for this study, as required by the SCDOT for OGFC mixes and commonly used 
throughout the United States. A 6.0% binder content by mix weight was consistently used 
for all OGFC mix specimens with binder introduced. This binder content was determined 
based on previous job mix formulas around the state. 
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Additives  
Cellulose fibers were added at a rate of 0.3% by total weight of the mix following 
the requirements seen in Table 3.3 (SCDOT 2007). This was added to stabilize the binder 
at high temperature and mitigate binder draindown. All mixtures that included binder also 
included cellulose fibers.  
 
Table 3.3: Cellulose Fiber Length and Gradation Requirements (SCDOT 2007) 
 
 
Hydrated lime was also included in the mix (1% by aggregate weight) as a 
required anti-stripping additive by the SCDOT. After the addition of hydrated lime, water 
was added to the aggregate mix at a rate of 5% by weight to activate the hydrated lime 
and coat the aggregate particles. This was done based on the South Carolina requirement 
outlining that the moisture content must be at least 3% greater than saturated surface dry 
conditions. All mixtures made with binder included hydrated lime. 
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Methods 
Standard Methods 
The following are the standard methods used in this research project. The 
experiments in which they were used can be seen in the descriptions below.  
• ASTM C127 Specific Gravity and Absorption of Coarse Aggregate 
• ASTM C131 Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion 
and Impact in the Los Angeles Machine 
• ASTM C136 Sieve Analysis of Fine and Coarse Aggregates 
• ASTM D2041 Theoretical Maximum Specific Gravity and Density of Bituminous 
Paving Mixtures 
• ASTM D2487 Classification of Soils for Engineering Purposes (Unified Soil 
Classification System) 
• ASTM D6307 Asphalt Content of Asphalt Mixture by Ignition Method 
• ASTM D6925 Preparation and Determination of the Relative Density of Asphalt Mix 
Specimens by Means of the Superpave Gyratory Compactor  
• ASTM D7064 Standard Practice for Open-Graded Friction Course (OGFC) Mix 
Design  
• ASTM D75 Standard Practices for Sampling Aggregates 
• Porosity of OGFC Asphalt Samples (Reference; Putman: Evaluation of Open Graded 
Friction Courses, Appendix B) 
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Aggregate Sampling and Testing 
Aggregate from each source was obtained using ASTM D75 sampling methods. It 
was then dried and sieved into its individual sized fractions per ASTM C136 methods. 
Before creating the specimens, the aggregate was tested for LA abrasion (ASTM C131) 
and specific gravity and absorption (ASTM C127). 
 
Sample Preparation: Mix Without Binder 
Aggregate specimens prepared for mixtures excluding binder used a 3762.4-gram 
aggregate sample size, which was the original 3800-gram sample excluding the 1% 
hydrated lime. The hydrated lime was excluded in these tests due to dust issues when 
mixing without binder. The hydrated lime was then calculated back into the final 
gradation for accurate comparison to mixtures with binder. 
The aggregate breakdown was examined after mixing by comparing gradation 
changes that occurred after 0, 1, 2, and 4 minutes of mixing in an asphalt bucket mixer. 
Then the breakdown resulting from compaction was examined after a constant 2 minutes 
of mixing with an additional 0, 25, 50, and 100 gyrations in the Superpave Gyratory 
Compactor (ASTM D6925 with aggregate only). With this range of mixing and 
compaction durations, the aggregate breakdown during mixing and mixing/compacting 
was analyzed. Three specimens for each mixing and compaction combination were 
completed and a sieve analysis (ASTM C136) was performed. The gradations for each 
specimen were calculated and the averages were examined for all sources.  
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Sample Preparation: Mix With Binder 
A 3800-gram aggregate sample size was used for specimen preparation with 
binder introduced, including 1% hydrated lime. Cellulose fibers were also mixed with the 
aggregate prior to introducing the binder. The PG76-22 binder content throughout the 
project was consistent at 6.0% by weight of the mix. By design, the dimensions of the 
asphalt pills after compaction were to be 115±5mm (4.5±0.2in) in height and 150mm 
(5.9in) in diameter. A mixing time of 2 minutes was used for each specimen and 50 
gyrations of a Superpave Gyratory Compactor were used to compact each specimen per 
ASTM D6925. 
Temperatures for mixing, conditioning, and compaction were consistent 
throughout the research. The aggregate was superheated the night before mixing at 350°F 
(177°C) after hydrated lime and water were added. The PG76-22 binder was added at 
325°F (163°C) and the final mix was conditioned for 2 hours at 315°F (157°C) to 
simulate common temperatures for in-field paving projects. After conditioning, the 
specimens were compacted at this conditioning temperature. The temperatures were 
measured with a temperature probe throughout the mixing and compacting stages to 
ensure consistency. 
A total of nine specimens for each quarry were produced: six compacted pills and 
three un-compacted specimens. The porosity was measured for all asphalt pills created 
outlined by Putman (2012, Appendix B). Of the six asphalt pills, three were tested for 
durability using the Cantabro abrasion test (ASTM D7064) and three were tested for 
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gradation after binder extraction. The three un-compacted mixtures also had the binder 
extracted and aggregate tested for gradation. 
An ignition oven was used to extract the binder of three compacted and three un-
compacted specimens per ASTM D6307. After extraction, the gradation of each 
specimen was measured in accordance with ASTM C136 to identify any change in the 
gradation resulting from aggregate breakdown.  
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CHAPTER FOUR 
 
RESULTS AND DISCUSSION 
 
Aggregate Properties 
Aggregate sources from nine locations and five material companies were selected 
for the use of this study. The reported and experimental LA percent loss can be seen 
below in Table 4.1. Reported values were from the provided quarry product lists provided 
by the manufacturer. LA values from the low-20s to mid-50s provided a wide range for 
analysis. 
 
Table 4.1: LA Abrasion Reported and Measured Values 
Quarry LA (%Loss) Reported 
LA (%Loss) 
Measured 
A 54 51 
B 50 51 
C 51 50 
D 36 40 
E 45 39 
F 43 38 
G 30 30 
H 23 21 
I 20 21 
 
The values from Table 4.1 are shown on the map in Figure 4.1 to show their 
geographic location in South Carolina. Aggregate sources with the lowest LA loss were 
mined from the Augusta, Rock Hill, and Columbia locations. Sources having higher LA 
loss aggregates can be found in Western South Carolina (the Upstate). 
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Figure 4.1: Measured LA Abrasion Loss Values and Locations in South Carolina 
 
Table 4.2 summarizes the aggregate properties for bulk specific gravity (BSG) 
and absorption. Reported absorption was included due to slight variability compared to 
measured values for some aggregate sources.  
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Table 4.2: Aggregate BSG and Absorption Measurements 
Quarry BSG_dry  BSG_SSD  ASG  Absorption (%) Measured 
Absorption 
(%) Reported 
A 2.61 2.64 2.68 0.87 0.90 
B 2.60 2.62 2.66 0.89 0.80 
C 2.65 2.67 2.69 0.51 0.60 
D 2.62 2.64 2.66 0.58 0.50 
E 2.64 2.66 2.68 0.53 0.46 
F 2.59 2.61 2.64 0.69 0.90 
G 2.62 2.63 2.65 0.45 0.40 
H 2.75 2.77 2.80 0.65 0.40 
I 2.66 2.68 2.71 0.72 0.67 	
 
Mix Performance  
The mix performance of the OGFC mixture was divided into two categories: 
functional performance and durability. The functional performance was measured by 
porosity and the durability performance measured by the Cantabro abrasion resistance. 
These average values are presented in Table 4.3 along with the measured LA values of 
the aggregate and average specimen heights after compaction.  
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Table 4.3: Performance Variables of OGFC Mixture 
Aggregate 
Source 
Measured LA 
Abrasion (%) 
Reported LA 
Abrasion (%) 
Avg. Specimen 
Height (mm) 
Porosity 
Avg. (%) 
Cantabro 
Avg. (%) 
A 51 54 113.7 14.5 20.3 
B 51 50 113.7 13.8 12.5 
C 50 51 111.7 13.5 12.6 
D 40 36 116.2 15.7 17.0 
E 39 45 114.9 15.6 15.0 
F 38 43 117.0 15.9 13.5 
G 30 30 116.7 16.8 17.4 
H 21 23 115.1 19.3 28.9 
I 21 20 120.4 20.1 24.1 
 
Although all specimens were compacted using 50 gyrations of the Superpave 
Gyratory Compactor, the average compacted specimen heights for each aggregate source 
varied with a range of 111.7mm (LA: 50) to 120.4mm (LA: 21). The comparison 
between the two can be seen in Figure 4.2. The general trends of the data points show a 
decreased specimen height with an increased aggregate LA.  
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Figure 4.2: Compacted Specimen Height as a Function of Aggregate LA Value 
 
The reduction in specimen height resulted in a decrease in specimen porosity 
because all specimens contained the same amount of material (Figure 4.3). Combining 
the results shown in Figures 4.2 and 4.3, the LA abrasion loss had an effect on specimen 
porosity for a given initial gradation, material quantity, and compaction effort as shown 
in Figure 4.4. As the LA abrasion loss increased, this caused the porosity of the OGFC 
specimens to decrease (Figure 4.4). These results followed those seen by Putman et al. 
(2014).  
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Figure 4.3: Specimen Height vs. Porosity 
 
When the aggregate LA was in the low-20s the corresponding porosity was 
approximately 20%. Aggregate with an LA of low to mid-50s resulted in an average 
porosity of about 14%. The trend of this relationship was very close with each increasing 
LA value. This data can also be observed in Figure 4.4. 
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Figure 4.4: Measured Aggregate LA vs. OGFC Porosity 
 
The average porosity of compacted specimens from Quarry A (LA: 54) was 
14.5% and the porosity of specimens from Quarry I (LA: 20) was 20.1% resulting in a 
total difference of 5.6%. This is a substantial porosity fluctuation that could change the 
field performance of OGFC pavements. Too high of a porosity could lead to rutting 
and/or raveling issues while a low porosity could sacrifice functional performance. 
Porosity as a function of the reported LA values from each aggregate source can 
be seen in Figure 4.5. The results were very similar to measured values from Figure 4.4 
but with higher spread among LA data points. 
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Figure 4.5: Reported Aggregate LA vs. OGFC Porosity 
 
This large change in specimen porosity from varying LA value was then 
evaluated using the Cantabro test to compare functional performance with durability. It 
was found that the Cantabro abrasion loss decreased as the aggregate LA increased 
(Figure 4.6). Aggregate breakdown was the suspected reason for this trend, which is 
analyzed in the next section. As the aggregate LA decreased, the OGFC structure was 
able to better withstand breakdown than an aggregate source with high LA values. This 
resulted in a higher porosity of the compacted specimen.  
 
		 36	
 
Figure 4.6: Aggregate LA vs. Cantabro Abrasion Loss 
 
Porosity and Cantabro abrasion loss results for individual compacted specimens 
can be seen in Table 4.4 and Figure 4.7. As shown in Figures 4.3 and 4.4, the porosity 
increased as aggregate LA values decreased, which resulted in higher Cantabro losses for 
each specimen. 
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Table 4.4: Porosity and Cantabro Results for Compacted Specimens 
Source Measured LA Abrasion (%) 
Specimen 
# 
Specimen 
Height (mm) 
Porosity 
(%) 
Cantabro 
Abrasion (%) 
A 51 
11_2 113.9 14.9 21.5 
11_4 113.4 14.2 19.3 
11_6 113.3 14.4 20.2 
B 51 
4_2 113.9 14.2 12.4 
4_4 113.5 13.4 11.6 
4_5 113.0 13.5 13.6 
C 50 
2_3 110.9 13.1 12.4 
2_4 112.3 13.4 11.6 
2_7 111.6 13.5 13.6 
D 40 
9_1 115.9 15.0 16.7 
9_4 116.5 15.6 17.3 
9_6 115.9 16.1 16.9 
E 39 
7_1 115.1 16.1 14.3 
7_3 115.2 15.4 16.0 
7_6 114.4 15.7 14.7 
F 38 
5_3 117.1 16.4 14.5 
5_4 117.2 15.4 12.5 
5_5 116.9 16.1 13.6 
G 30 
6_2 116.8 16.8 18.3 
6_3 116.2 16.6 16.3 
6_4 117.7 16.9 17.6 
H 21 
10_2 115.0 19.1 29.3 
10_3 115.2 19.5 30.0 
10_5 115.7 19.3 27.4 
I 21 
8_1 119.5 19.9 25.9 
8_2 120.7 20.3 24.0 
8_6 121.3 20.2 22.4 
 
 
As the porosity of OGFC specimens increased, the loss due to abrasion also 
increased. The sharp slope of the curve plotted in Figure 4.7 shows this relationship. An 
average porosity of 13.8% for Quarry B resulted in an average abrasion loss of 12.5% 
while Quarry I produced an average porosity of 20.1% with an average abrasion loss of 
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24.1%. Comparing these results, a porosity increase of 6.3% nearly doubled the abrasion 
loss with an 11.6% increase.  
 
Figure 4.7: Cantabro Abrasion Loss as a Result of OGFC Porosity  
 
There were some sources that deviated from the trend line but the consistencies 
between similar tests are apparent, shown by the color groupings in Figure 4.7. Quarries 
with lower Cantabro losses had results with tighter groupings compared to Quarries H 
and I with higher data spread and similar LA values at 21. 
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Based on these results, small increases in the asphalt porosity will lead to a 
significant decrease OGFC durability. A durability decrease of this magnitude could 
result in a low resistance to abrasion on the surface of roadways. This could help explain 
the cause of early raveling in in-service OGFC pavements. 
 
Summary: Mix Performance 
Specimen height was affected by the aggregate LA loss. High LA values resulted 
in OGFC pills having shorter specimen height. The suspected cause of this relationship is 
a change in the aggregate structure resulting from the mixing and/or compaction process. 
This led to the porosity of each OGFC specimen decreasing as the corresponding 
aggregate LA value increased, while following a very tight trend. Based on these results, 
lower LA aggregates could lead to higher rutting potential while higher LA aggregate 
would lead to a decrease in functional performance if the same compaction effort is used. 
Sources with higher aggregate LA abrasion exhibited Cantabro abrasion losses. 
As discussed above, the tighter compaction improved the bond between aggregate by 
increasing the stone-on-stone contact between aggregate, which significantly improved 
the abrasion resistance as the aggregate LA decreased.  
 The Cantabro abrasion loss increased as the porosity of the specimen increased 
from higher void contents within the aggregate structure. This allowed the aggregate 
particles to strip off easier during Cantabro testing.  
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Breakdown of Aggregate without Binder 
When binder was excluded from the mix, it allowed the virgin aggregates 
resistance to abrasion, compressive forces, and breakdown trends to be analyzed. This 
analysis included mixing durations 0, 1, 2, and 4 minutes and compaction efforts of 0, 25, 
50, and 100 gyrations. Table 4.5 shows the gradations after mixing and compacting for an 
aggregate source on the high end of the LA range, Quarry C (LA: 50).  
 
Table 4.5: Quarry C (LA: 50) Gradations After Varying Mixing and Compacting Efforts 
Sieve 
Un-compacted % Passing Compacted % Passing (t=2) 
t=0 t=1 t=2 t=4 G=0 G=25 G=50 G=100 
3/4" 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
1/2" 94.0 94.6 95.2 95.7 95.2 95.5 95.5 95.7 
3/8" 69.0 74.2 74.4 77.5 74.4 75.6 74.6 76.2 
#4 19.0 24.6 28.6 36.2 28.6 34.4 33.5 36.5 
#8 7.0 10.0 14.0 19.8 14.0 19.6 19.9 22.0 
#30 3.5 5.4 7.5 10.8 7.5 10.5 10.9 12.2 
#100 2.0 3.4 4.1 5.5 4.1 5.1 5.3 5.8 
#200 1.00 2.10 2.46 3.17 2.46 2.93 3.04 3.36 
Cu 2.59 3.38 6.95 15.39 6.95 14.72 16.28 19.26 
 
The majority of the breakdown occurred on the #4, #8, and #30 sieves. After 2 
minutes of mixing, which was the set mix time for mixing with binder, the percent 
passing increase from the original gradation was 5.5% (3/8”), 9.6% (#4), 7.0% (#8), and 
4.0% (#30). A percent passing decrease from abrasion of 5-10% for larger particles (#4 
and up) will result in a large increase of fine aggregate.  
The uniformity coefficients also show the breakdown trend, as higher coefficients 
resemble a more well-graded aggregate. An increase in finer material after abrasion will 
lead to a more well-graded mix, which describes the relationship between percent passing 
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increase and higher coefficients. This short mix duration will change the structure of an 
OGFC pavement and ultimately reduce the air void content due to breakdown. 
A graph of Quarry C’s gradation due to varying mix times can be seen in Figure 
4.8. The percent passing increase for each mixing time was fairly consistent, which can 
be seen as separation between lines in Figure 4.8. This suggests that each additional 
minute of mixing will result in similar aggregate breakdown from the last.  
 
Figure 4.8: Quarry C (LA: 50) Gradations after Varying Mix Durations 
 
Similarly, the gradations for each compaction effort can be seen in Figure 4.9. 
The breakdown trend between different aggregate sizes was the same for compaction as it 
was for mixing. Most of the breakdown occurred on the #4, #8, and #30 sieves. The 
percent passing increase between the un-compacted specimen with 2 minutes mixing and 
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the compacted specimen with 2 minutes mixing and 50 gyrations was 0.2% (3/8”), 4.9% 
(#4), 5.9% (#8), and 3.4% (#30). 
The magnitude of breakdown was not as high for compaction as it was for mixing 
only. This suggests that the aggregate is more durable against compressive loading versus 
shear resistance to abrasion. Furthermore, the change in gradation did not follow a 
consistent trend between gyrations applied as it did for mix durations. Once the specimen 
was compacted for 25 gyrations, the aggregate began to fill the voids within the mold and 
resist further breakdown when additional compaction effort was applied. 
 
Figure 4.9: Quarry C (LA: 50) Gradations after Varying Compaction Efforts  
 
Table 4.6 shows the gradations after mixing and compacting for an aggregate 
source on the low end of the LA range, Quarry I (LA: 21).  
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Table 4.6: Quarry I (LA: 21) Gradations After Varying Mixing and Compacting Efforts 
Sieve Un-compacted % Passing Compacted % Passing (t=2) 
t=0 t=1 t=2 t=4 G=0 G=25 G=50 G=100 
3/4" 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
1/2" 94.0 93.9 93.6 94.2 93.6 94.5 94.8 94.5 
3/8" 69.0 71.0 70.1 71.6 70.1 71.2 71.8 72.2 
#4 19.0 21.6 22.5 25.3 22.5 24.0 24.4 26.1 
#8 7.0 8.8 9.6 11.6 9.6 10.9 11.2 12.1 
#30 3.5 4.9 5.1 6.1 5.1 5.7 5.8 6.2 
#100 2.0 3.2 3.3 3.7 3.3 3.6 3.6 3.8 
#200 1.00 2.03 1.96 2.24 1.96 2.21 2.26 2.40 
Cu 2.59 2.92 3.26 4.24 3.26 3.81 4.01 4.53 
 
Similar to the aggregate from Quarry C, the majority of the aggregate breakdown 
occurred on the #4, #8, and #30 sieves. Even though the trend remained consistent, the 
magnitude of breakdown was not as high due to the decrease in LA abrasion value. After 
2 minutes of mixing the percent passing increase from the original gradation was 2.1% 
(3/8”), 3.5% (#4), 2.6% (#8), and 1.6% (#30). The fracturing and abrasion of larger 
particles resulted in a percent passing increase of the #100 (1.3%) and #200 (0.96%) 
sieves. This change can be seen in Figure 4.10. The uniformity coefficients, similar to un-
compacted specimens, also increased with additional breakdown. 
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Figure 4.10: Quarry I (LA: 21) Gradations after Varying Mix Durations 
 
The resistance to breakdown from compression loads improved for the lower LA 
aggregate. After 25 gyrations, there was not as significant of a change in gradation 
compared to Quarry C having an LA of 50% loss. The percent passing increase between 
the un-compacted state with 2 minutes mixing and the compacted state with 2 minutes 
mixing and 50 gyrations was 1.7% (3/8”), 1.9% (#4), 1.6% (#8), and 0.7% (#30). The 
gradations for compaction are plotted in Figure 4.11. 
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Figure 4.11: Quarry I (LA: 21) Gradations after Varying Compaction Efforts 
 
The small difference in breakdown for the 1/2” and 3/8” particles for both high 
and low LA values was most likely due to the size difference between those sieves and 
the next smallest sieve. The size difference between each sieve are as follows: 1/2”-3/8” 
(3.0mm), 3/8”-#4 (4.75mm), #4-#8 (2.39mm), #8-#30 (1.76mm), #30-#100 (0.45mm), 
and #100-#200 (0.075mm). When larger particles undergo abrasion due to mixing and 
compacting, they must lose more mass compared to smaller particles to pass to the next 
sieve. It is believed that the particles undergo abrasion and breakdown similar to other 
sizes, but are not represented to the magnitude of smaller aggregate. Sample sizes for 
these aggregates are also much smaller relative to the entire mix.  
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Table 4.7 displays a summary of the un-compacted gradations for all quarries 
after 2 minutes of mixing. The general trend shows an increase in abrasion resistance 
from mixing when the aggregates LA value decreases. These values will be compared 
when binder is introduced to the sample at the same mix time. A plot of these values can 
be seen in Figure 4.12. 
 
Table 4.7: Gradations for Un-compacted Specimens (Mix: 2 min) 
Quarry % Passing (Un-compacted, Mix: 2 min) Cu 3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 100.0 96.6 73.9 26.0 13.8 7.7 4.4 2.64 8.72 
B (LA: 51) 100.0 95.4 74.0 28.8 15.3 8.1 4.3 2.50 9.46 
C (LA: 50) 100.0 95.2 74.4 28.6 14.0 7.5 4.1 2.46 6.95 
D (LA: 40) 100.0 96.8 72.8 26.1 12.9 6.2 3.7 2.23 5.41 
E (LA: 39) 100.0 95.5 72.3 25.2 11.7 5.7 3.5 2.18 4.25 
F (LA: 38) 100.0 94.5 73.0 27.1 12.9 6.8 4.0 2.45 5.54 
G (LA: 30) 100.0 94.8 71.0 25.6 11.7 6.0 3.7 2.25 4.33 
H (LA: 21) 100.0 94.5 70.9 24.4 10.1 5.2 3.4 2.27 3.49 
I (LA: 21) 100.0 93.6 70.1 22.5 9.6 5.1 3.3 1.96 3.26 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 2.59 
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Figure 4.12: Average Gradations for Un-compacted Specimens (Mix: 2 min) 
 
All aggregate sources experienced a relatively high degree of breakdown after the 
initial 2 minutes of mixing as displayed by the large spacing above the original gradation 
line. Quarries with similar LA values had the same breakdown magnitudes.  
The values in Table 4.8 show the numerical difference from the original gradation 
after two minutes of mixing. Aggregate breakdown observed had a large impact on the 
gradation as the percent passing increased by as much as 9.8% on the #4 sieve.  
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Table 4.8: Average Numerical Difference from Original Gradation, Un-compacted 
Quarry Change from Original (Un-compacted, Mix: 2 min) 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 2.6 4.9 7.0 6.8 4.2 2.4 1.6 
B (LA: 51) 0.0 1.4 5.0 9.8 8.3 4.6 2.3 1.5 
C (LA: 50) 0.0 1.2 5.4 9.6 7.0 4.0 2.1 1.5 
D (LA: 40) 0.0 2.8 3.8 7.1 5.9 2.7 1.7 1.2 
E (LA: 39) 0.0 1.5 3.3 6.2 4.7 2.2 1.5 1.2 
F (LA: 38) 0.0 0.5 4.0 8.1 5.9 3.3 2.0 1.5 
G (LA: 30) 0.0 0.8 2.0 6.6 4.7 2.5 1.7 1.2 
H (LA: 21) 0.0 0.5 1.9 5.4 3.1 1.7 1.4 1.3 
I (LA: 21) 0.0 -0.4 1.1 3.5 2.6 1.6 1.3 1.0 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 
 
The majority of increase in percent passing came from the #4, #8, and #30 sized 
particles for all aggregate sources. Abrasion of large particles resulted in an increase in 
#100 and #200 fine aggregates. All specimens nearly doubled the amount of material 
passing the #100 and #200 sieve, which could cause a concern for pore clogging in 
OGFC pavements. 
Based on where the aggregate was mined from and mineral types, even if two 
sources obtained the same LA value the way the stone fractured could vary. Therefore 
any differences in abrasion from mixing could be due to the angularity and shape of 
aggregate instead of strictly the LA values. A more rounded particle would have a 
tenancy to roll off the mixing blade while an angular particle could act as a wedge 
between blade and bucket causing fracture.  
Observing the percent differences in Table 4.9 helps normalize the data compared 
to the original gradation. Similar to results presented in previous tables, the breakdown 
during mixing decreased as the LA values decreased. 
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Table 4.9: Average Percent Difference from Original Gradation, Un-compacted 
Quarry 
Un-compacted Percent Difference from Original 
Gradation 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 2.7 7.1 37.0 96.5 118.6 118.7 164.3 
B (LA: 51) 0.0 1.5 7.3 51.6 118.1 131.7 113.6 150.3 
C (LA: 50) 0.0 1.2 7.8 50.6 99.6 113.0 106.9 145.7 
D (LA: 40) 0.0 2.9 5.5 37.2 84.8 75.8 82.9 123.1 
E (LA: 39) 0.0 1.6 4.8 32.7 67.3 62.8 75.1 117.9 
F (LA: 38) 0.0 0.5 5.8 42.4 84.8 95.1 100.0 145.1 
G (LA: 30) 0.0 0.8 2.8 34.6 67.1 72.6 85.1 124.9 
H (LA: 21) 0.0 0.6 2.8 28.6 43.9 49.5 72.1 126.7 
I (LA: 21) 0.0 -0.4 1.6 18.7 37.7 46.9 64.9 95.5 
 
The fine aggregate experienced the largest increase after abrasion from mixing 
while the 1/2” coarse aggregate was hardly affected. The increase of smaller sized 
fractions was due to abrasion from larger stone. From this analysis, the #4, #8, and #30 
stone did not observe the largest breakdown in comparison to its original content. 
However, it was the sole contributor to the rapid increase in fine aggregate.  
Compared to un-compacted samples, an additional 50 gyrations of compaction 
substantially increased the aggregate breakdown as seen in Table 4.10 and Figure 4.13. 
The percent passing for #4 sized aggregate ranged from 24.4% (LA: 21) to 35.0% (LA: 
50) compared to 19.0% for the original 12.5mm gradation. An increase of 16.0% passing 
the #4 sieve (LA: 50) could easily drive the design out of SCDOT specifications if the 
same behavior was observed in the field with the addition of binder. The SCDOT 
requirement for percent passing the #4 sieve is 15-30%. With a mix design using the 
minimum 15%, this magnitude of breakdown would still fall out of specification at 31%. 
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Table 4.10: Gradations for Compacted Specimens (Mix: 2 min, Gyrations: 50) 
Quarry % Passing (Compacted, Mix: 2 min, Gyrations: 50) Cu 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 100.0 95.6 76.3 31.3 18.8 9.9 5.0 2.93 14.68 
B (LA: 51) 100.0 95.5 74.6 35.0 20.3 11.0 5.3 3.00 16.15 
C (LA: 50) 100.0 95.5 74.6 33.5 19.9 10.9 5.3 3.04 16.35 
D (LA: 40) 100.0 96.7 74.2 29.6 15.7 7.5 4.1 2.47 8.19 
E (LA: 39) 100.0 95.9 73.7 29.0 14.7 7.0 3.9 2.38 6.89 
F (LA: 38) 100.0 95.7 75.2 33.1 17.8 8.8 4.8 2.85 10.53 
G (LA: 30) 100.0 95.0 72.8 28.6 13.7 6.9 4.1 2.44 5.78 
H (LA: 21) 100.0 94.2 71.5 26.8 11.7 6.1 3.8 2.48 4.24 
I (LA: 21) 100.0 94.8 71.8 24.4 11.2 5.8 3.6 2.26 3.94 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 2.59 
 
Gradations compared to the original design for compacted specimens can be seen 
in Figure 4.13.  The results followed a general trend of decreasing breakdown with a 
decreasing LA abrasion. Aggregate from Quarry A (LA: 51) performed better than 
observed trends (based on aggregate LA) for all sieves except 3/8”, performing similarly 
to aggregate with an LA in the mid/lower-40s. Aggregate from Quarry F performed 
worse than observed trends for all sieves except for the 1/2” sieve. This could be due to 
the small sample size and variation seen for the 1/2” sieve. Quarry F (LA: 38) had similar 
results as aggregate seen in the LA range of mid-40s to low-50s. The numerical 
differences, after mixing and compacting versus the original design are summarized in 
Table 4.11. 
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Figure 4.13: Average Gradations for Compacted Specimens (Mix: 2 min, Gyrations: 50) 
 
Table 4.11: Average Numerical Difference from Original Gradation, Compacted 
Quarry Change from Original (Mix: 2 min, Gyrations: 50) 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 1.6 7.3 12.3 11.8 6.4 3.0 1.9 
B (LA: 51) 0.0 1.5 5.6 16.0 13.3 7.5 3.3 2.0 
C (LA: 50) 0.0 1.5 5.6 14.5 12.9 7.4 3.3 2.0 
D (LA: 40) 0.0 2.7 5.2 10.6 8.7 4.0 2.1 1.5 
E (LA: 39) 0.0 1.9 4.7 10.0 7.7 3.5 1.9 1.4 
F (LA: 38) 0.0 1.7 6.2 14.1 10.8 5.3 2.8 1.8 
G (LA: 30) 0.0 1.0 3.8 9.6 6.7 3.4 2.1 1.4 
H (LA: 21) 0.0 0.2 2.5 7.8 4.7 2.6 1.8 1.5 
I (LA: 21) 0.0 0.8 2.8 5.4 4.2 2.3 1.6 1.3 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 
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Comparing the breakdown results as a percent difference from its original design 
(Table 4.12), the breakdown after compaction mainly affected the #4 to #200 sized 
aggregate particles.  The degradation of the 1/2" and 3/8” sized aggregate was very 
similar to the results obtained after mixing only, which indicates that the largest particles 
were not affected as much by compaction. There was a large spike in the #8, #30, #100, 
#200, and #4 sieves, in that order, compared to their original values. 
 
Table 4.12: Average Percent Difference from Original Gradation, Compacted 
Quarry Compacted Percent Difference from Original Gradation  
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 1.7 10.6 64.6 168.0 182.7 150.7 193.0 
B (LA: 51) 0.0 1.6 8.1 84.4 190.4 213.8 163.8 199.7 
C (LA: 50) 0.0 1.6 8.1 76.4 184.3 211.9 164.4 203.5 
D (LA: 40) 0.0 2.9 7.5 55.5 123.6 113.0 105.5 146.7 
E (LA: 39) 0.0 2.0 6.8 52.6 110.0 99.1 97.5 138.1 
F (LA: 38) 0.0 1.8 8.9 74.3 153.8 152.8 139.3 184.8 
G (LA: 30) 0.0 1.0 5.6 50.3 95.7 97.3 102.7 143.5 
H (LA: 21) 0.0 0.2 3.6 41.2 67.8 73.7 92.3 148.1 
I (LA: 21) 0.0 0.9 4.1 28.2 60.2 65.8 81.1 126.4 
 
The additional breakdown due to compaction only was investigated and can be 
seen in Table 4.13. Previously, in Table 4.8, the effect of mixing was compared to the 
original gradation and had a clear trend of increased resistance to breakdown during 
mixing for lower LA values. The trend is not as obvious for breakdown after 50 gyrations 
of compaction. The breakdown due to compressive loads follows a different trend than 
abrasion loss. Aggregate size #4, #8, and #30 still experience the majority of breakdown, 
similar to mixing, but have little correlation with aggregate LA.  
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Table 4.13: Additional Breakdown from Un-compacted to Compacted (Gyrations: 50) 
Quarry Change from Un-compacted to Compacted 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 -0.9 2.5 5.3 5.0 2.2 0.6 0.3 
B (LA: 51) 0.0 0.1 0.6 6.2 5.1 2.9 1.0 0.5 
C (LA: 50) 0.0 0.3 0.2 4.9 5.9 3.5 1.1 0.6 
D (LA: 40) 0.0 0.0 1.4 3.5 2.7 1.3 0.5 0.2 
E (LA: 39) 0.0 0.4 1.4 3.8 3.0 1.3 0.4 0.2 
F (LA: 38) 0.0 1.2 2.2 6.1 4.8 2.0 0.8 0.4 
G (LA: 30) 0.0 0.2 1.9 3.0 2.0 0.9 0.4 0.2 
H (LA: 21) 0.0 -0.3 0.5 2.4 1.7 0.8 0.4 0.2 
I (LA: 21) 0.0 1.2 1.7 1.8 1.6 0.7 0.3 0.3 
 
Summary: Breakdown of Aggregate without Binder  
The breakdown with respect to different mix times followed a consistent trend. 
With each additional minute of mixing, the percent passing for each sieve increased at a 
balanced rate. Breakdown resulting from the combination of both mixing and compacting 
did not follow a consistent trend. The majority of increased percent passing was observed 
after 25 gyrations, with each additional 25 gyrations increasing at a lower magnitude. 
This was due to aggregate filling the empty voids after rearranging and fracturing as 
maximum compaction was approaching. 
When observing the percent passing increase for each sieve, the breakdown order 
from largest to smallest was as follows: #4, #8, 3/8” #30, #100, #200, and 1/2”. This was 
consistent for un-compacted and compacted samples.  
The magnitude of breakdown due to compaction after 2 minutes of mixing was 
not as high as 2 minutes of mixing only. This indicated that the majority of total 
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breakdown occurred during mixing. Observing the breakdown due to compaction only 
also exhibited inconsistencies when comparing to aggregate LA. This could be due to two 
different types of degradation: degradation from abrasion (mixing) and degradation from 
compressive loading (compaction).  
 
 
Breakdown of Aggregate with Binder 
The next step to analyzing aggregate degradation in OGFC mixtures was 
observing the breakdown when PG76-22 binder was introduced in the mix, thus creating 
a hot mix asphalt (HMA) mix. Table 4.14 shows how the gradation varied for un-
compacted asphalt mixtures after binder extraction.  
 
Table 4.14: Average Gradations for Un-compacted Specimens (Mix: 2 min) 
Quarry 
% Passing (Un-compacted, Mix: 2 min) 
Cu 3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 100.0 97.1 74.7 24.5 12.7 7.5 4.0 2.04 8.09 
B (LA: 51) 100.0 95.9 78.8 30.7 14.4 7.9 4.0 1.96 8.02 
C (LA: 50) 100.0 95.4 74.1 28.4 14.3 7.7 3.9 1.86 7.84 
D (LA: 40) 100.0 97.3 85.2 41.3 20.2 7.4 3.6 1.80 7.49 
E (LA: 39) 100.0 96.7 81.5 33.6 16.2 6.8 3.3 1.69 6.87 
F (LA: 38) 100.0 96.1 77.0 29.4 14.9 7.6 3.9 1.95 8.50 
G (LA: 30) 100.0 95.0 72.8 26.5 13.8 6.9 3.6 1.84 6.77 
H (LA: 21) 100.0 94.3 69.5 21.4 8.5 4.8 2.8 1.52 2.96 
I (LA: 21) 100.0 93.8 70.0 20.9 8.5 4.8 2.6 1.38 2.89 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 2.59 
 
The results were plotted in Figure 4.14 and compared to the original gradation. At 
first glance, there appears to be a trend similar to the results of mixing and compacting 
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without the addition of binder. Further analysis shows that the gradations did not follow a 
predictable trend as a function of aggregate LA as the specimens without binder did. The 
uniformity coefficients, with increasing LA values, increased for most specimens.  
 
Figure 4.14: Average Gradations for Un-compacted Specimens (Mix: 2 min) 
 
Quarry D exhibited the most breakdown after two minutes of mixing with an LA 
value of 40, which was 11% lower than that of Quarries A and B (LA: 51). Quarry A had 
one of the lower degradations after mixing only behind Quarries H and I, both with LA 
values of 21. These aggregate sources had nearly identical breakdown results. The 
summary of the numerical differences compared to the original gradation can be seen in 
Table 4.15 while the percent differences are outlined in Table 4.16. 
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Table 4.15: Average Numerical Difference from Original Gradation, Un-compacted 
Quarry Change from Original (Un-compacted, Mix: 2 min) 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 3.1 5.7 5.5 5.7 4.0 2.0 1.0 
B (LA: 51) 0.0 1.9 9.8 11.7 7.4 4.4 2.0 1.0 
C (LA: 50) 0.0 1.4 5.1 9.4 7.3 4.2 1.9 0.9 
D (LA: 40) 0.0 3.3 16.2 22.3 13.2 3.9 1.6 0.8 
E (LA: 39) 0.0 2.7 12.5 14.6 9.2 3.3 1.3 0.7 
F (LA: 38) 0.0 2.1 8.0 10.4 7.9 4.1 1.9 1.0 
G (LA: 30) 0.0 1.0 3.8 7.5 6.8 3.4 1.6 0.8 
H (LA: 21) 0.0 0.3 0.5 2.4 1.5 1.3 0.8 0.5 
I (LA: 21) 0.0 -0.2 1.0 1.9 1.5 1.3 0.6 0.4 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 
 
Table 4.16: Average Percent Difference from Original Gradation, Un-compacted 
Quarry 
Percent Difference from Original Gradation  
(Un-compacted, Mix: 2 min) 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 3.3 8.3 29.1 81.2 114.6 98.6 104.2 
B (LA: 51) 0.0 2.1 14.1 61.4 106.2 126.1 100.1 96.4 
C (LA: 50) 0.0 1.5 7.3 49.7 104.6 118.9 93.4 86.2 
D (LA: 40) 0.0 3.5 23.5 117.6 188.3 112.5 81.3 79.9 
E (LA: 39) 0.0 2.9 18.0 77.1 131.7 93.3 66.9 68.6 
F (LA: 38) 0.0 2.3 11.6 54.9 112.4 116.6 94.5 95.3 
G (LA: 30) 0.0 1.0 5.5 39.3 96.9 95.9 82.1 83.5 
H (LA: 21) 0.0 0.4 0.8 12.5 20.8 36.2 37.8 52.0 
I (LA: 21) 0.0 -0.2 1.5 10.0 22.0 36.7 31.4 38.4 
 
Both the numerical differences (Table 4.15) and percent differences from the 
original design (Table 4.16) degraded without a defined trend, with respect to LA, unlike 
the aggregate specimens without binder. It is difficult to observe a clear pattern in 
degradation from these values between sources with varying LA when binder is included. 
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However, it is clear that the breakdown was substantial for multiple quarries before 
compaction began.   
As seen in Table 4.17 and Figure 4.15, the variation with respect to LA loss for 
each gradation appeared to follow the same trend as the un-compacted specimens. Quarry 
D, again, observed the most breakdown for the 1/2" to #8 sieves. Similar to un-
compacted gradations, Quarry A had a high resistance to degradation compared to other 
sources even though it had the highest LA loss of 51. The numerical and percent 
differences from the original 12.5mm NMAS gradation after compaction can be seen in 
Tables 4.18 and 4.19, respectively. 
 
Table 4.17: Average Gradations for Compacted Specimens (Mix: 2 min, Gyrations: 50) 
Quarry 
% Passing (Compacted, Mix: 2 min, Gyrations: 50) 
Cu 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 100.0 95.3 74.8 28.5 16.4 9.0 4.5 2.31 12.42 
B (LA: 51) 100.0 96.6 80.6 40.8 21.7 11.3 5.2 2.57 15.31 
C (LA: 50) 100.0 95.9 77.4 36.9 19.9 10.4 5.0 2.45 13.66 
D (LA: 40) 100.0 98.4 87.7 47.7 25.2 9.2 4.4 2.24 9.38 
E (LA: 39) 100.0 97.4 82.6 38.6 20.1 8.4 4.1 2.07 9.51 
F (LA: 38) 100.0 96.6 79.8 38.5 20.1 9.6 4.7 2.37 11.34 
G (LA: 30) 100.0 95.4 74.7 30.7 16.1 7.8 4.2 2.13 8.72 
H (LA: 21) 100.0 94.6 70.9 23.2 9.8 5.4 3.1 1.79 3.35 
I (LA: 21) 100.0 94.2 71.5 25.0 10.4 5.4 3.0 1.63 3.59 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 2.59 
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Figure 4.15: Average Gradations for Compacted Specimens (Mix: 2 min, Gyrations: 50) 
 
 
Table 4.18: Average Numerical Difference from Original Gradation, Compacted 
Quarry Change from Original (Mix: 2 min, Gyrations: 50) 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 1.3 5.8 9.5 9.4 5.5 2.5 1.3 
B (LA: 51) 0.0 2.6 11.6 21.8 14.7 7.8 3.2 1.6 
C (LA: 50) 0.0 1.9 8.4 17.9 12.9 6.9 3.0 1.5 
D (LA: 40) 0.0 4.4 18.7 28.7 18.2 5.7 2.4 1.2 
E (LA: 39) 0.0 3.4 13.6 19.6 13.1 4.9 2.1 1.1 
F (LA: 38) 0.0 2.6 10.8 19.5 13.1 6.1 2.7 1.4 
G (LA: 30) 0.0 1.4 5.7 11.7 9.1 4.3 2.2 1.1 
H (LA: 21) 0.0 0.6 1.9 4.2 2.8 1.9 1.1 0.8 
I (LA: 21) 0.0 0.2 2.5 6.0 3.4 1.9 1.0 0.6 
Original 12.5mm 100.0 94.0 69.0 19.0 7.0 3.5 2.0 1.00 
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Table 4.19: Average Percent Difference from Original Gradation, Compacted 
Quarry Compacted Percent Difference from Original Gradation  
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 1.4 8.4 50.2 133.8 157.2 125.8 130.5 
B (LA: 51) 0.0 2.7 16.8 114.6 209.6 223.1 159.9 156.8 
C (LA: 50) 0.0 2.1 12.2 94.3 184.2 195.8 147.7 145.3 
D (LA: 40) 0.0 4.6 27.1 151.1 259.7 163.7 117.5 124.3 
E (LA: 39) 0.0 3.6 19.8 103.4 187.7 140.3 102.7 106.6 
F (LA: 38) 0.0 2.8 15.7 102.7 186.8 175.1 134.8 137.4 
G (LA: 30) 0.0 1.5 8.3 61.4 129.4 123.2 107.6 113.3 
H (LA: 21) 0.0 0.6 2.7 21.9 40.5 53.7 55.5 79.0 
I (LA: 21) 0.0 0.2 3.7 31.5 48.8 54.8 49.5 62.7 
 
Substantial breakdown was observed for compacted specimens. The #4, #8, 3/8”, 
and #30 sieves sustained the most degradation with respect to numerical difference from 
the original design. As a percent difference, the #30, #8, #200, and #100 sieves 
experienced the most change. This was due to the small sample sizes (i.e., initial quantity 
of material) compared to the entire mix. An increase in fine aggregate to this magnitude 
is a potential concern for OGFC mixtures with respect to functional performance.  
Observing the sieves with a larger representation of the total sample size (1/2”, 
3/8”, #4, and #8) in Table 4.20, a correlation among aggregate with the largest 
breakdown can be seen. Aggregate from Quarry D sustained the most breakdown for both 
un-compacted and compacted mixes, followed by Quarries E, B, F, and C. Due to the 
small sample representation within the #30, #100, and #200 sized aggregate, the 
breakdown ranking was skewed, therefore, these sieves were not included in this ranking. 
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Table 4.20: Ranking Quarries from Largest to Smallest Breakdown by Sieve 
  Sieve Largest-----------Breakdown-----------Smallest 
Un-Compacted 
1/2” D A E F B C G H I 
3/8” D E B F A C G I H 
#4 D E B F C G A H I 
#8 D E F B C G A H I 
Compacted 
1/2” D E B F C G A H I 
3/8” D E B F C A G I H 
#4 D B E F C G A I H 
#8 D B E F C A G I H 
 
Observing the breakdown increase due to compaction only in Table 4.21, it is 
clear that each source degraded further due to excess compaction after aggregate 
interlock was achieved. The #4 and #8 sized stone had the largest degradation after the 
mixing followed by the 3/8” and #30 sizes.  
 
Table 4.21: Additional Breakdown from Un-compacted to Compacted (Gyrations: 50) 
Quarry Change from Un-compacted to Compacted 
3/4" 1/2" 3/8" #4 #8 #30 #100 #200 
A (LA: 51) 0.0 -0.8 0.1 4.0 3.7 1.5 0.5 0.3 
B (LA: 51) 0.0 0.6 1.8 10.1 7.2 3.4 1.2 0.6 
C (LA: 50) 0.0 0.5 3.3 8.5 5.6 2.7 1.1 0.6 
D (LA: 40) 0.0 1.0 2.5 6.4 5.0 1.8 0.7 0.4 
E (LA: 39) 0.0 0.7 1.2 5.0 3.9 1.6 0.7 0.4 
F (LA: 38) 0.0 0.5 2.8 9.1 5.2 2.0 0.8 0.4 
G (LA: 30) 0.0 0.4 1.9 4.2 2.3 1.0 0.5 0.3 
H (LA: 21) 0.0 0.3 1.3 1.8 1.4 0.6 0.4 0.3 
I (LA: 21) 0.0 0.4 1.5 4.1 1.9 0.6 0.4 0.2 
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Summary: Breakdown of Aggregate with Binder 
The breakdown trend with respect to aggregate LA value did not follow the same 
pattern as mixtures without the inclusion of binder. Aggregate from Quarry D (LA: 40) 
observed the most breakdown while Quarries H and I (LA: 21) observed the least. 
Aggregate from Quarry A (LA: 51) resulted in a higher resistance to degradation than 
expected even though it had one of the highest LA values. Only Quarries H and I had 
lower degradation patterns. Breakdown of each source was consistent between un-
compacted and compacted specimens. 
The #4, #8, 3/8” and #30 sieves had the highest amount of degradation with 
respect to percent passing increase and the #30, #8, #200, and #100 had the largest 
percent change from the original gradation. This was most likely due to the small 
representation of fine aggregates compared to the entire mix.  
Comparing the gradations of compacted and un-compacted specimens, there was 
a large increase in percent passing after 50 compaction gyrations were applied. Sieves #4, 
#8, 3/8”, and #30 experienced the most breakdown during compaction. At high 
temperatures, the low viscosity of binder helps lubricate the aggregate particles and gain 
aggregate interlock faster. Any additional compaction creates aggregate breakdown, 
resulting in higher percent passing values. 
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Breakdown Comparison: Binder vs. No Binder 
Aggregate degradation followed a predictable trend relative to its LA value when 
binder was not included in the mix. The results were not consistent with the 
corresponding LA value when binder was introduced to the mix. The gradation 
differences for un-compacted specimens with and without binder are summarized in 
Table 4.22. 
 
Table 4.22: Un-compacted Difference of Mix with Binder to Mix without Binder  
Quarry Un-compacted Gradation Change Binder vs. No Binder  
3/4” 1/2” 3/8” #4 #8 #30 #100 #200 
A (LA: 51) 0.0 0.5 0.9 -1.5 -1.1 -0.1 -0.4 -0.6 
B (LA: 51) 0.0 0.5 4.7 1.9 -0.8 -0.2 -0.3 -0.5 
C (LA: 50) 0.0 0.2 -0.3 -0.2 0.4 0.2 -0.3 -0.6 
D (LA: 40) 0.0 0.6 12.4 15.3 7.2 1.3 0.0 -0.4 
E (LA: 39) 0.0 1.2 9.2 8.4 4.5 1.1 -0.2 -0.5 
F (LA: 38) 0.0 1.6 4.0 2.4 1.9 0.8 -0.1 -0.5 
G (LA: 30) 0.0 0.2 1.9 0.9 2.1 0.8 -0.1 -0.4 
H (LA: 21) 0.0 -0.2 -1.4 -3.0 -1.6 -0.5 -0.7 -0.7 
I (LA: 21) 0.0 0.2 -0.1 -1.6 -1.1 -0.4 -0.7 -0.6 
 
Similarly, the gradation difference for compacted specimens with and without 
binder can be seen in Table 4.23. Negative values indicate that the mix without binder 
experienced more breakdown than with binder. As discussed in the previous section, 
Quarry A (LA: 51) resisted degradation better than most, with respect to LA, when binder 
was introduced but had a high degradation without binder. This resulted in negative 
values for both un-compacted and compacted specimens. 
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Table 4.23: Compacted Difference of Mix with Binder to Mix without Binder  
Quarry 
Compacted Gradation Change Binder vs. No Binder 
3/4” 1/2” 3/8” #4 #8 #30 #100 #200 
A (LA: 51) 0.0 -0.3 -1.5 -2.7 -2.4 -0.9 -0.5 -0.6 
B (LA: 51) 0.0 1.1 6.0 5.7 1.3 0.3 -0.1 -0.4 
C (LA: 50) 0.0 0.5 2.8 3.4 0.0 -0.6 -0.3 -0.6 
D (LA: 40) 0.0 1.6 13.5 18.1 9.5 1.8 0.2 -0.2 
E (LA: 39) 0.0 1.5 9.0 9.6 5.4 1.4 0.1 -0.3 
F (LA: 38) 0.0 0.9 4.7 5.4 2.3 0.8 -0.1 -0.5 
G (LA: 30) 0.0 0.4 1.9 2.1 2.4 0.9 0.1 -0.3 
H (LA: 21) 0.0 0.4 -0.6 -3.7 -1.9 -0.7 -0.7 -0.7 
I (LA: 21) 0.0 -0.6 -0.3 0.6 -0.8 -0.4 -0.6 -0.6 
 
The gradation summaries for the nine quarries observed can be seen in figures 
4.16 through 4.24. Un-compacted gradations were determined after 2 minutes of mixing 
and compacted gradations were mixed for 2 minutes, then compacted with 50 gyrations 
of the gyratory compactor. Original gradations were also included, and for the most part, 
there was a large separation between the other gradation lines for each source. This 
showed that mixing for two minutes with and without binder had a large effect on the 
aggregate degradation result. Additional compaction, for the most part, degraded 
aggregate further but was not as noticeable for more durable aggregate having higher LA 
values.  
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Aggregate from Quarry A (Figure 4.16) was one of the three sources that 
experienced a higher degradation when binder was excluded from the mix, along with 
Quarries H and I. Both mixes with and without binder experienced further breakdown 
after compaction, represented by the dashed lines. 
 
 
Figure 4.16: Gradation Summary for Quarry A (LA: 51) 
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Compared to the results obtained from source A, aggregate from Quarry B 
experienced higher breakdown from specimens that included binder (Figure 4.17). After 
compaction, large separations between the #4, #8, and #30 sieves occur as the majority 
from compressive loads breakdown was observed for those sizes. 
 
 
Figure 4.17: Gradation Summary for Quarry B (LA: 51) 
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The differences between mixtures with and without binder for aggregates 
obtained from source C are hardly noticeable (Figure 4.18). The only separation between 
these lines occurred at the #4 and 3/8” sieves for compacted specimens.  
 
 
Figure 4.18: Gradation Summary for Quarry C (LA: 50) 
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The largest separation between specimens with and without binder occurred for 
aggregate obtained from Quarry D (Figure 4.19). Degradation between un-compacted and 
compacted specimens were relatively consistent for each sieve. 
An interesting observation for this data is the substantial breakdown difference 
between the un-compacted state with binder and compacted state without binder. 
Analyzing the #4 sized aggregate, the addition of binder without compaction resulted in 
41.3% passing while compacted specimens without binder resulted in 29.6% passing. The 
addition of binder, without compaction, increased the percent passing by 11.7% from the 
un-compacted specimens without binder. The total increase from the original design was 
22.3%. 
 
Figure 4.19: Gradation Summary for Quarry D (LA: 40) 
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Similar to aggregate source D, source E exhibited a noticeable difference between 
the breakdown of mixtures with and without binder (Figure 4.20). The magnitude of 
degradation was not as substantial as above, but the addition of binder contributed to a 
larger change from original gradation. 
 
 
Figure 4.20: Gradation Summary for Quarry E (LA: 39) 
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Breakdown trends for Quarry F had similar results to those of Quarry B (LA: 51) 
comparing percent passing values (Figure 4.21). The inclusion of binder resulted in 
higher degradations causing large changes from the original design. 
 
 
Figure 4.21: Gradation Summary for Quarry F (LA: 38) 
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As the aggregate LA values began to decrease, the differences between gradation 
lines were smaller. There was still a noticeable difference for Quarry G from the original 
design but the degradation between tests was small (Figure 4.22). 
 
 
Figure 4.22: Gradation Summary for Quarry G (LA: 30) 
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Quarries H and I observed the lowest aggregate LA values while degrading the 
least throughout all tests (Figures 4.23 and 4.24). The gap between tested gradations and 
original design began to close as a more durable and abrasion resistant aggregate was 
used. 
These aggregate sources were also two of the three that observed higher 
breakdown for mixtures without binder than ones with the inclusion of binder.  
 
 
Figure 4.23: Gradation Summary for Quarry H (LA: 21) 
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Aggregate source I observed small breakdowns for all tests compared to other 
sources (Figure 4.24). This was the final source out of three that had higher degradation 
for specimens without binder than ones with binder.  
 
 
Figure 4.24: Gradation Summary for Quarry I (LA: 21) 
 
Uniformity coefficients were then calculated for each quarry (Table 4.24). From 
the Unified Soil Classification System (USCS), well-graded gravels are categorized with 
Cu values greater than or equal to 4.0. As the uniformity coefficient increases above the 
original design of 2.59, this resembles higher aggregate breakdown as the gradation 
becomes more well-graded. From an OGFC functional performance standpoint, this will 
result in higher densities and lower porosity if deviated from its open graded design.  
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Table 4.24: Average Uniformity Coefficients for Each Design 
Source 
LA 
Abrasion 
(%) 
Uniformity Coefficient, Cu (D60/D10) 
Without Binder With Binder 
Un-compacted Compacted Un-compacted Compacted 
 A (LA: 51) 51 8.72 14.68 8.09 12.42 
 B (LA: 51) 51 9.46 16.15 8.02 15.31 
 C (LA: 50) 50 6.95 16.35 7.84 13.66 
 D (LA: 40) 40 5.41 8.19 7.49 9.38 
 E (LA: 39) 39 4.25 6.89 6.87 9.51 
 F (LA: 38) 38 5.54 10.53 8.50 11.34 
 G (LA: 30) 30 4.33 5.78 6.77 8.72 
 H (LA: 21) 21 3.49 4.24 2.96 3.35 
 I (LA: 21) 21 3.26 3.94 2.89 3.59 
Original Gradation 2.59 
 
In the individual gradation plots in Figures 4.16 to 4.24, it is noticeable that 
gradations are trending to the more well-graded side after mixing and compacting as 
evident by the decreased slopes of the gradation curves. The distributions of particles 
begin to even out which increases the uniformity coefficient. Quarries H and I with low 
LA values at 21 were the only sources that maintained a Cu below the well-graded 
classification of 4.0 after compaction (Table 4.25). Aggregates with high LA values 
exhibited the most breakdown as indicated by an increase in Cu, with the exception of 
Quarry F, which did not follow this trend.  
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Table 4.25: Individual Uniformity Coefficients for Compacted Specimens with Binder 
Source Specimen # Cu Porosity 
Cu_specimens/
Cu_original 
 A (LA: 51) 11_1 13.45 13.9 5.19 
11_3 11.47 14.7 4.43 
 B (LA: 51) 4_1 15.54 13.9 6.00 
4_3 15.07 14.3 5.82 
 C (LA: 50) 2_2 12.73 13.8 4.91 
2_5 14.31 13.4 5.52 
 D (LA: 40) 9_3 7.55 14.5 2.91 
9_5 8.88 15.9 3.43 
 E (LA: 39) 7_4 9.98 14.7 3.85 
7_5 9.05 15.0 3.49 
 F (LA: 38) 5_1 11.23 16.4 4.33 
5_2 11.45 15.5 4.42 
 G (LA: 30) 6_1 9.00 16.8 3.47 
6_5 8.34 17.8 3.22 
 H (LA: 21) 10_1 3.04 19.4 1.17 
10_4 3.69 19.0 1.42 
 I (LA: 21) 8_3 3.54 20.4 1.37 
8_4 3.64 19.8 1.41 
 
The uniformity coefficients were calculated for compacted specimens that were 
measured for gradation changes after removing the binder using the ignition oven. Ratios 
comparing the specimen uniformity coefficient and original gradation uniformity 
coefficient were found. Higher ratios represent a larger coefficient deviation and 
breakdown from the original sample. Table 4.25 shows that with a decreasing Cu ratio, 
the porosity decreases as aggregate degrades. This can also be seen in Figure 4.25. 
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Figure 4.25: Uniformity Coefficient vs. Porosity for Compacted Specimens with Binder 
 
The uniformity coefficients were also plotted with respect to the aggregate LA 
values in Figures 4.26 and 4.27. Un-compacted specimens with and without binder 
exhibited similar linear slopes at 0.16 and 0.17, respectively. This indicates that the rates 
of aggregate breakdown with respect to aggregate LA were similar.  
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Figure 4.26: LA vs. Uniformity Coefficient, Un-compacted 
 
Compacted specimens had similar trends as un-compacted with a slope of 0.33 
with binder and 0.39 without binder. These comparisons show a better relationship 
between aggregate breakdown and LA values than gradation charts. Gradation 
comparisons help relate where the breakdown occurs while uniformity coefficients 
quantify the breakdown for each aggregate source. 
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Figure 4.27: LA vs. Uniformity Coefficient, Compacted 
 
 
Summary: Breakdown Comparison: Binder vs. No Binder 
The uniformity coefficients were calculated to quantify the aggregate breakdown, 
which helped relate the corresponding LA abrasions to degradation trends. As mixing and 
compaction effort increases, specimens with and without binder began to shift toward a 
more well-graded mix by degrading coarser aggregate, thus increasing fine aggregate 
content. This could ultimately result in a loss of porosity in OGFC mixtures. 
The inconsistencies between mixing with and without the inclusion of binder can 
result from a number of factors. At high temperatures, binder acts as a lubricant for 
aggregate, which allowed the particles to slide past one another with ease. During mixing, 
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this could assist the aggregate in working itself between the blade and bucket causing 
fracture to occur. The low viscosity binder also reduces the number of gyrations needed 
for optimum compaction, as the mix becomes more workable at high temperatures. With 
the same number of gyrations between the mixes with and without binder, the inclusion 
of binder can lead to more over compaction.  
Additives could have also played a role. Cellulose fibers were added with the 
binder to mitigate binder draindown. However, if fibers clumped together during mixing 
this could have resulted in performance inconsistencies between specimens with and 
without binder.   
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CHAPTER FIVE 
 
CONCLUSIONS 
 
Based on the results of this research study, conclusions related to OGFC mixture 
performance and aggregate breakdown due to mixing and compacting as a function of 
aggregate Los Angeles (LA) abrasion value are as follows: 
 
Mix Performance  
• As the aggregate LA value increased, the compacted specimen heights and porosity 
decreased due to degradation of particles and movement toward a more well-graded 
mix. 
• An increase in aggregate LA resulted in lower Cantabro losses. This results from 
lower porosity of specimens having more stone on stone contact, which is able to 
better withstand abrasion.  
 
Breakdown of mix without binder 
• Breakdown after mixing and compacting followed a consistent trend compared to LA. 
As the aggregate LA increased, the corresponding degradation also increased.  
• The majority of the total breakdown was observed during mixing when exposed to 
abrasive forces versus the compression loads of compaction. 
• The majority of breakdown during compaction occurred during the first 25 gyrations. 
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Breakdown of mix with binder 
• Changes in aggregate gradation with respect to aggregate LA did not follow a 
predictable trend.  
• Breakdown due to mixing was greater than compaction. However, the gradation 
change due to compaction was much greater than specimens without binder. 
• The fine aggregate (#100 and #200 sieves) content doubled for most quarries after 
mixing. 
• Uniformity coefficients used to better quantify aggregate degradation exhibited a 
trend of higher breakdown for higher LA aggregates. 
• Gradation analysis showed the original gradation moving toward a more well-graded 
aggregate after mixing and compacting, which could lead to OGFC functional issues 
(i.e., permeability).  
 
Breakdown comparison: binder vs. no binder 
• Aggregate breakdown increased when binder was introduced to the mix. 
• There was greater breakdown consistency for specimens without binder with respect 
to aggregate LA.  
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CHAPTER SIX 
RECOMMENDATIONS 
 
The results gathered in this research can be used to improve consistency among 
OGFC mixtures and pavements produced with varying aggregate types. Aggregate source 
plays a critical role in the performance and targeted properties of OGFC mixes. 
Recommendations based on the findings of this research project include: 
1. Methods should be formed to better quantify aggregate breakdown potential 
during OGFC manufacturing and placement. With this knowledge, degradation 
can be predicted based on aggregate source and properties while creating 
consistency between designs with varying aggregate LA values.  
2. OGFC gradation specifications should vary based on the properties of the 
aggregate being used. The breakdown trends are not consistent for all aggregate 
types and will create performance variation between pavements including 
gradation, pavement layer thickness, porosity, and abrasion resistance. Job mix 
gradations should be altered based on predicted aggregate breakdown and 
adjusted accordingly. This could range from site-specific degradation correction 
factors or adjustments based on aggregate LA ranges. 
3. To gain a better understanding of how an aggregate source affects degradation 
during mixing and compacting, other properties should be analyzed. Angularity 
and shape are aggregate variables that should be investigated, as they could have 
an impact on breakdown and pavement performance. 
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4. Further analysis on whether temperature has a noticeable effect on aggregate 
degradation should also be analyzed. This includes heating during mixing, 
compacting, and binder extraction by means of the ignition oven. Material 
properties vary based on geography and geological formation and may have 
different responses to abrasion at these temperatures. Resistance to shear and 
compressive forces at manufacturing temperatures could degrade the aggregate at 
different rates. 
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ABBREVIATIONS 
 
AASHTO-American Association of State Highway and Transportation Officials 
ASG-Apparent Specific Gravity 
ASTM-American Society for Testing and Materials 
BSG-Bulk Specific Gravity 
DOT-Department of Transportation 
FHWA-Federal Highway Administration 
HMA-Hot Mixed Asphalt 
LA Abrasion-Los Angeles Abrasion (ASTM C131) 
NCAT-National Center for Asphalt Technology 
NMAS-Nominal Maximum Aggregate Size 
OGFC-Open Graded Friction Course  
PFC-Permeable Friction Course 
PG- Performance Grade 
SCDOT-South Carolina Department of Transportation 
USCS-Unified Soil Classification System 
USDOT-United States Department of Transportation  
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APPENDIX A 
MIX DESIGN 
 
Table A1: Mix Design Calculations for Aggregate Batching 
Sieve size 
Job Mix 
Target 
(% pass) 
% Ret Agg Wt. (g) 
Lime Wt 
(g) [1%] 
Total Wt 
(g) 
Cumulative 
Wt (g) 
3/4" (19mm) 100.0 0.0 0 0 0 0 
1/2" (12.5mm) 94.0 6.0 225.7 0 225.7 225.7 
3/8" (9.5mm) 69.0 31.0 940.6 0 940.6 1166.3 
#4 (4.75mm) 19.0 81.0 1881.2 0 1881.2 3047.5 
#8 (2.36mm) 7.0 93.0 451.5 0 451.5 3499.0 
#30 (600µm) 3.5 96.5 131.7 0 131.7 3630.7 
#100 (150µm) 2.0 98.0 56.4 0 56.4 3687.1 
#200 (75µm) 1.0 99.0 37.6 7.5 45.1 3732.3 
Pan (-#200) 0.0 100.0 37.6 30.1 67.7 3800.0 
 
Table A2: Additive Calculations 
Binder Wt 
(g) [6.0%] 
Cellulose 
Fiber Wt 
(g) [0.3%] 
Water for 
Lime Mix 
(g) [5%] 
228.0 12.1 190.0 
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APPENDIX B 
AGGREGATE PROPERTIES 
 
Table B1: LA Abrasion Measurements 
Quarry LA (%) Reported 
LA (%) 
Trial 1 
LA (%) 
Trial 2 
LA (%) 
Trial 3 
LA (%) 
Average Stdev CoVar 
A 54 50.9 51.2 51.4 51 0.252 0.063 
B 50 51.5 50.9 50.8 51 0.379 0.143 
C 51 49.2 50.2 50.0 50 0.529 0.280 
D 36 39.6 39.8 39.3 40 0.252 0.063 
E 45 38.7 38.7 38.9 39 0.115 0.013 
F 43 37.1 38.7 38.5 38 0.872 0.760 
G 30 30.4 30.1 29.6 30 0.404 0.163 
H 23 20.8 21.1 21.2 21 0.208 0.043 
I 20 20.8 20.6 20.5 21 0.153 0.023 
 
Table B2: Bulk Specific Gravity SSD Measurements 
Quarry BSG_SSD Reported 
BSG_SSD 
Trial 1 
BSG_SSD 
Trial 2 
BSG_SSD 
Trial 3 
BSG_SSD 
Average Stdev CoVar 
A 2.64 2.65 2.63 2.63 2.64 0.012 0.000 
B 2.62 2.63 2.62 2.62 2.62 0.006 0.000 
C 2.67 2.67 2.67 2.67 2.67 0.000 0.000 
D 2.64 2.63 2.64 2.64 2.64 0.006 0.000 
E 2.64 2.66 2.66 2.66 2.66 0.000 0.000 
F 2.60 2.61 2.61 2.61 2.61 0.000 0.000 
G 2.63 2.64 2.63 2.63 2.63 0.006 0.000 
H 2.78 2.78 2.77 2.77 2.77 0.006 0.000 
I 2.66 2.69 2.68 2.68 2.68 0.006 0.000 
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Table B3: Bulk Specific Gravity Dry Measurements  
Quarry BSG_dry Reported 
BSG_dry 
Trial 1 
BSG_dry 
Trial 2 
BSG_dry 
Trial 3 
BSG_dry 
Average Stdev CoVar 
A 2.63 2.62 2.61 2.61 2.61 0.006 0.000 
B 2.60 2.60 2.60 2.60 2.60 0.000 0.000 
C 2.65 2.65 2.65 2.66 2.65 0.006 0.000 
D 2.63 2.62 2.62 2.62 2.62 0.000 0.000 
E 2.63 2.64 2.64 2.64 2.64 0.000 0.000 
F 2.57 2.59 2.59 2.59 2.59 0.000 0.000 
G 2.61 2.63 2.62 2.62 2.62 0.006 0.000 
H 2.77 2.76 2.75 2.75 2.75 0.006 0.000 
I 2.64 2.67 2.66 2.66 2.66 0.006 0.000 
 
Table B4: Apparent Specific Gravity Measurements 
Quarry ASG Reported 
ASG 
Trial 1 
ASG 
Trial 2 
ASG 
Trial 3 
ASG 
Average Stdev CoVar 
A 2.67 2.69 2.67 2.67 2.68 0.012 0.000 
B 2.66 2.66 2.66 2.66 2.66 0.000 0.000 
C 2.70 2.69 2.69 2.69 2.69 0.000 0.000 
D 2.66 2.66 2.66 2.66 2.66 0.000 0.000 
E 2.66 2.68 2.68 2.68 2.68 0.000 0.000 
F 2.63 2.64 2.64 2.64 2.64 0.000 0.000 
G 2.65 2.66 2.65 2.65 2.65 0.006 0.000 
H 2.80 2.81 2.80 2.80 2.80 0.006 0.000 
I 2.69 2.72 2.71 2.71 2.71 0.006 0.000 
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Table B5: Absorption Measurements 
Quarry 
Absorp 
(%) 
Reported 
Absorp 
Trial 1 
(%) 
Absorp 
Trial 2 
(%) 
Absorp 
Trial 3 
(%) 
Absorp 
(%) 
Average 
Stdev CoVar 
A 0.90 0.93 0.83 0.84 0.87 0.055 0.003 
B 0.80 0.83 0.96 0.87 0.89 0.067 0.004 
C 0.60 0.51 0.52 0.51 0.51 0.006 0.000 
D 0.50 0.63 0.54 0.57 0.58 0.046 0.002 
E 0.46 0.56 0.52 0.51 0.53 0.026 0.001 
F 0.90 0.71 0.68 0.67 0.69 0.021 0.000 
G 0.40 0.43 0.46 0.45 0.45 0.015 0.000 
H 0.40 0.63 0.65 0.68 0.65 0.025 0.001 
I 0.67 0.72 0.70 0.73 0.72 0.015 0.000 
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APPENDIX C 
POROSITY TESTING 
 
Table C1: Porosity Calculations 
Source Specimen # Diameter_avg (mm) 
Height 
avg (mm) 
W_dry 
(g) 
W_sub 
(g) 
Porosity 
(%) 
Quarry A 
11_1 150.4 113.5 4040.2 2307.1 13.9 
11_2 150.5 113.9 4018.2 2297.8 14.9 
11_3 150.5 114.1 4025.1 2298.5 14.7 
11_4 150.4 113.4 4026.3 2303.5 14.2 
11_5 150.4 113.8 4022.3 2312.4 15.2 
11_6 150.4 113.3 4019.6 2302.8 14.4 
Quarry B 
4_1 150.5 113.7 4025.2 2289.5 13.9 
4_2 150.7 113.9 4024.2 2284.8 14.2 
4_3 150.7 113.7 4003.5 2271.7 14.3 
4_4 150.5 113.5 4029.6 2285.3 13.4 
4_5 150.5 113.0 4004.8 2269.9 13.5 
4_6 150.5 114.1 4055.0 2299.0 13.2 
Quarry C 
2_2 150.4 112.4 4030.7 2314.8 13.8 
2_3 150.6 110.9 4008.6 2297.4 13.1 
2_4 150.4 112.3 4042.9 2319.4 13.4 
2_5 150.5 111.8 4026.1 2309.7 13.4 
2_6 150.8 111.1 3999.2 2293.4 13.8 
2_7 150.6 111.6 3978.6 2262.0 13.5 
Quarry D 
9_1 150.4 115.9 4048.7 2303.4 15.0 
9_3 150.3 115.9 4050.7 2298.7 14.5 
9_4 150.4 116.5 4034.6 2293.2 15.6 
9_5 150.5 116.3 4025.7 2291.8 15.9 
9_6 150.5 115.9 4020.3 2293.7 16.1 
9_10 150.4 116.5 4017.2 2303.3 16.9 
Quarry E 
7_1 151.5 115.1 3978.7 2242.8 16.1 
7_3 151.0 115.2 4036.6 2296.7 15.4 
7_4 151.0 114.6 4013.9 2268.6 14.7 
7_5 150.9 115.0 4039.1 2296.0 15.0 
7_6 150.8 114.4 4010.0 2290.8 15.7 
7_10 150.8 114.9 4019.5 2312.5 16.6 
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Table C2: Porosity Calculations Continued 
Source Specimen # Diameter_avg (mm) 
Height 
avg (mm) 
W_dry 
(g) 
W_sub 
(g) 
Porosity 
(%) 
Quarry F 
5_1 150.6 117.1 4010.6 2271.7 16.4 
5_2 150.5 116.8 4024.0 2274.1 15.5 
5_3 150.8 117.1 4017.5 2274.3 16.4 
5_4 150.6 117.2 4037.2 2276.6 15.4 
5_5 150.7 116.8 4015.1 2271.9 16.1 
5_6 150.5 117.2 4038.7 2286.4 15.7 
Quarry G 
6_1 150.8 116.5 4012.4 2287.7 16.8 
6_2 151.1 116.8 4028.5 2291.8 16.8 
6_3 151.2 116.2 4021.6 2287.3 16.6 
6_4 150.7 117.7 4034.6 2294.2 16.9 
6_5 151.4 116.5 4005.4 2286.9 17.8 
6_6 150.7 116.3 4019.8 2284.5 16.2 
Quarry H 
10_1 150.6 115.0 4018.1 2373 19.4 
10_2 150.6 115.0 4020.7 2368.1 19.1 
10_3 150.6 115.2 4019.4 2370.8 19.5 
10_4 150.4 115.0 4021.8 2370.2 19.0 
10_5 150.7 115.7 4027.2 2367.0 19.3 
10_6 150.7 115.0 4015.7 2370.2 19.6 
Quarry I 
8_1 151.0 119.5 4033.8 2323.8 19.9 
8_2 150.4 120.7 4028.3 2327.1 20.3 
8_3 150.4 119.0 3979.6 2301.1 20.4 
8_4 150.5 121.7 4073.7 2342.5 19.8 
8_5 150.3 120.1 3998.8 2304.7 20.2 
8_6 150.4 121.3 4051.4 2337.4 20.2 
 
 
 
 
 
 
 
		 90	
APPENDIX D 
CANTABRO ABRASION TESTING 
 
Table D1: Cantabro Abrasion Calculations 
Source Specimen # W_before (g) 
W_after 
(g) %Loss 
Quarry A 
11_2 4018.7 3154.6 21.5 
11_4 4027.5 3249.6 19.3 
11_6 4019.1 3207.8 20.2 
Quarry B 
4_2 4032.4 3497.9 13.3 
4_4 4037.8 3539.0 12.4 
4_5 4014.7 3542.1 11.8 
Quarry C 
2_3 4037.2 3535.2 12.4 
2_4 4068.4 3595.6 11.6 
2_7 3984.1 3441.0 13.6 
Quarry D 
9_1 4051.8 3374.8 16.7 
9_4 4040.4 3341.0 17.3 
9_6 4021.9 3343.0 16.9 
Quarry E 
7_1 3985.3 3416.6 14.3 
7_3 4026.1 3383.5 16.0 
7_6 4020.9 3428.0 14.7 
Quarry F 
5_3 4031.4 3447.3 14.5 
5_4 4049.7 3544.0 12.5 
5_5 4022.8 3476.2 13.6 
Quarry G 
6_2 4038.0 3297.2 18.3 
6_3 4028.2 3371.5 16.3 
6_4 4047.3 3335.3 17.6 
Quarry H 
10_2 4020.5 2841.1 29.3 
10_3 4019.7 2812.7 30.0 
10_5 4028.0 2924.8 27.4 
Quarry I 
8_1 4038.1 2993.9 25.9 
8_2 4032.9 3063.1 24.0 
8_6 4052.7 3145.6 22.4 
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APPENDIX E 
AGGREGATE PHOTOS 
 
Figure E1: Quarry A Aggregate 
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Figure E2: Quarry B Aggregate 
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Figure E3: Quarry C Aggregate 
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Figure E4: Quarry D Aggregate 
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Figure E5: Quarry E Aggregate 
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Figure E6: Quarry F Aggregate 
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Figure E7: Quarry G Aggregate 
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Figure E8: Quarry H Aggregate 
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Figure E9: Quarry I Aggregate 
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